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ABSTRACT 
Haemophilus parasuis is the causative agent of Glässer’s disease in swine.  Glässer’s 
disease affects swine health and producer profits but the mechanisms through which disease 
occurs remain unclear.  The primary objective of this dissertation research was to investigate 
the molecular basis of H. parasuis pathogenesis.  To this end, four independent projects were 
carried out.  First, we generated a draft genome sequence of an H. parasuis strain, the first 
made available to the public.  Secondly, we identified and studied the genes of two outer 
membrane proteins, which are possibly associated with virulence, from 35 strains of H. 
parasuis.  Thirdly, experiments to detect H. parasuis IgA protease activity were conducted.  
Finally, we developed an enhanced multi-locus sequence typing (MLST) system for the 
characterization of H. parasuis isolates.  We established a publicly accessible database where 
current types may be viewed and to which new sequences may be submitted.  Together, these 
studies provide insight into the workings of H. parasuis and establish a framework upon 
which future studies can be based.  The information presented in this dissertation advances 
understanding and makes progress toward the development of enhanced treatment and 
prevention strategies. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
Introduction 
The pace at which scientific discoveries and technological advancements are made 
continues to accelerate.  Techniques that were once considered to be state-of-the-science 
quickly become commonplace and eventually outdated.  As science has progressed in recent 
times, the way in which scientists approach problems has by necessity adapted and changed.  
Questions that were once considered unanswerable can now be solved in a fraction of the 
time, often in silico with no “wet” laboratory research necessary.  Whereas the collection of 
scientific data was once a key objective, now often a primary concern is the processing of an 
ever-growing flow of raw information.  This dissertation provides multiple examples of how 
these changes in science is impacting the study of infectious disease and animal health. 
In this dissertation, a case-in-point presentation of the above phenomena will be 
described through the research manuscripts included herein.  In less than two years, the 
availability of molecular biology data concerning the swine pathogen Haemophilus parasuis 
has increased significantly.  When research for this dissertation began, no genomic 
information was available for this organism.  Investigations into H. parasuis molecular 
biology could be carried out, but these relied on knowledge gained from research on related 
microorganisms, indirect detection methods, or  predictions and experiments based on 
observations. 
In the midst of this dissertation research, a genome sequence for Haemophilus 
parasuis was completed and published.  In addition, multiple draft genomes, including three 
from our research group, quickly became available for study and comparison.  When this 
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wealth of data was released, the techniques that could be used and the questions that could 
and should be asked fundamentally changed.  Instead of running experiments to determine 
the presence or absence of a gene, a question that can now be answered with a quick 
GenBank search, now we can design primers directly from the genome and quickly sequence 
the gene from dozens of strains.  Thus, the level and complexity of scientific queries into the 
molecular biology of H. parasuis changed during this dissertation research. 
More importantly, the work continues.  While this dissertation represents some of the 
work that we have done, it could never be an all-inclusive document as the research detailed 
in the following chapters represents beginnings, not ends.  With the discoveries described 
herein, new questions have arisen and will be pursued by the research group into the future.  
As a result of this work, a whole new line of study has been established in the USDA 
Research Unit in which the research was conducted, promising to yield interesting and 
scientifically meaningful data long into the future. 
Objectives 
The main objective of this dissertation research was to investigate the molecular basis 
of H. parasuis strain diversity and pathogenesis.  To assist in this effort, we generated the 
first draft genome sequence of an H. parasuis strain.  This draft sequence was used 
throughout the dissertation research as a point of reference and source of information.  We 
studied the genes of two proteins, P2 and P5, known to be associated with virulence in 
related species.  We also conducted experiments to detect IgA protease activity in H. 
parasuis.  Multiple strategies were employed to find proteases either orthologous to those 
known to exist in related species or to indirectly detect the activity of those that might be 
very different in sequence but similar in function.  Finally, we developed an enhanced and 
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unified multi-locus sequence typing (MLST) system for the characterization of H. parasuis 
isolates.  We established a publicly accessible database at http://pubmlst.org/ where current 
types may be viewed and to which new sequences may be submitted. 
Dissertation Organization 
The dissertation consists of this introductory chapter, a literature review chapter, four 
data chapters, and a closing chapter of general conclusions.  The data chapters represent 
separate but related research projects, each culminating in a manuscript that has either 
already been published or prepared for submission to a peer-reviewed journal. 
Due to the scale and complexity of the projects detailed within this dissertation, the 
assistance of many collaborators was required and they are recognized throughout the 
following chapters as co-authors.  Co-authors provided support, offered advice, edited 
manuscripts, and carried out specialized procedures in their respective areas of expertise.  
The research described within each chapter was designed, carried out, and authored primarily 
by the Ph.D. candidate. 
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CHAPTER 2: LITERATURE REVIEW 
 
Haemophilus parasuis is a gram-negative bacterium of the family Pasteurellaceae.  
Originally associated with disease in pigs by Karl Glässer in 1910 (24), refinement of the 
classification for this organism continued for decades, being progressively named 
Haemophilus suis and Haemophilus influenza suis (74) before the current name was adopted 
in the 1960s (8).  Individual H. parasuis cells are small, non-motile rods (51) (Figure 1).  
Capsulated and uncapsulated strains exist, and the presence or absence of a capsule may 
affect cellular morphology (51) and the ability to be phagocytized (65).  The bacterium is 
dependent on coenzyme nicotinamide adenine dinucleotide (NAD, or V factor) in medium 
(6), but it does not require porphyrins like hemin (X factor) for growth (7). 
H. parasuis is an obligate pathogen of swine (31, 74).  Both domesticated production 
animals (Sus scrofa domestica or Sus scrofa scrofa) and wild pigs (Sus scrofa) (67) are 
affected, and pigs of all ages are susceptible (58).  Pigs kept as pets are also susceptible to 
infection but are generally not considered to be at risk unless in contact with other pigs (15).  
Guinea pigs (9, 72) and mice (50) have been used as model organisms for infection with H. 
parasuis, with the former being shown a more promising model species, but domesticated 
pigs have been used in the vast majority of animal experiments. 
Infection with H. parasuis poses serious economic threats to the pork production 
industry.  The precise economic impact of H. parasuis has not been calculated (Dr. Paul 
Sundberg, National Pork Board, personal communication), but a recent survey of companies 
producing 150,000 pigs or more annually ranked H. parasuis infection as a serious threat to 
breeding and finishing herds and as the most serious threat to nursery herds, equal to porcine 
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reproductive and respiratory syndrome (PRRS) and swine influenza virus (SIV) in terms of 
impact (29).  Swine respiratory diseases have been calculated to generate production losses 
of hundreds of millions of dollars annually, calculated on the basis of animal loss, cost of 
treatment, and lowered feed conversion efficiencies, where more feed must be utilized to 
bring pigs to market weight (1, 59). 
Infection with H. parasuis poses serious health threats to pigs, and the disease most 
commonly associated with H. parasuis is Glässer’s disease.  Glässer’s disease is 
characterized by spread of the bacterium to a variety of anatomic sites and, therefore, many 
clinical signs are possible.  Typical acute signs include polyserositis, defined as inflammation 
of the serous membranes—the pleura, peritoneum, and pericardium—accompanied by 
fibrinous exudate, meningitis, polyarthritis and swelling of the joints, lameness, 
unwillingness to rise, and death (45, 58).  Onset of clinical signs may be rapid and a pig’s 
condition can deteriorate rapidly, with death possible as soon as 24 hours from first 
observation of clinical signs.  In some cases, the first sign of trouble in a herd may be the 
discovery of dead pigs.  Rates of morbidity and mortality are often high and pigs that survive 
may experience a prolonged reduction in growth rate accompanied by cough, lameness and 
overall poor fitness (74).  In practice, the disease may affect different body areas in different 
pigs and different outbreaks, so examination and swabbing of all the above-mentioned sites 
should be undertaken for the correct clinical diagnosis to be reached.  How different parts of 
the body are selectively affected in different instances of disease is not understood. 
Pneumonia in the absence of systemic disease typically associated with Glässer’s 
disease has also been attributed to H. parasuis (43, 57, 74).  Pneumonia resulting from H. 
parasuis infection is reported less often than typical Glässer’s disease, and pneumonia of this 
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type may occur due to prior or concurrent viral infections (57) that alter or weaken host 
immunity.  Fatal septicemia in the absence of clinical signs typical of Glässer’s disease has 
also been reported (69).  How the route of infection or development of disease differs in 
these manifestations in relationship to more typical cases of Glässer’s disease is not known.  
H. parasuis is often carried asymptomatically in the nasal passages of healthy pigs 
(16, 25).  This may be the result of herd immunity, in which persistent infection among pigs 
in a facility provides neonatal protection via maternal antibodies and subsequent exposure 
stimulates natural immunity (60, 85), or may be due to the non-pathogenic nature of some 
strains.  Asymptomatic carriage may become problematic when animals are stressed, when 
new pigs are brought into a herd, or when other respiratory infections, like pseudorabies virus 
(57) or porcine circovirus (3), weaken host defenses.   
Disease resulting from H. parasuis infection is of special concern to the operators of 
high-health, specific-pathogen-free (SPF) swine production systems.  Pigs free of H. parasuis 
can be raised and maintained, at least in the short term, but strict adherence to rigid 
biosecurity measures must be enforced to maintain their SPF status.  In swine free of H. 
parasuis, immunity to the bacterium is lost and subsequent reintroduction through transport, 
contamination, or introduction of new animals into the now naïve population may have 
devastating effects (45, 58, 73).   
H. parasuis is susceptible to a wide variety of antibiotics (98).  Three drugs are 
labeled by the FDA specifically for the treatment of H. parasuis infection in swine: Baytril® 
(enrofloxacin; Bayer Healthcare LLC), Excede™ (ceftiofur; Pharmacia & Upjohn Co.), and 
Draxxin® (tulathromycin; Pfizer, Inc.).  All three are formulated for injection; Draxxin and 
Excede are to be given intramuscularly in swine, Baytril subcutaneously.  For Baytril and 
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Draxxin, use must be discontinued five days prior to slaughter to allow for drug clearance.  
For Excede, use must be discontinued 14 days prior to slaughter. 
Alongside those antimicrobial products specifically labeled for use in swine are a 
number of off-label antibiotics whose efficacies have also been tested.  Tetracyclines and 
pencillins have both been considered to be effective first line antibiotics by some authorities 
(74, 79).  Some studies have reported that penicillin-class antibiotics work well (98), but 
strains of H. parasuis with plasmid-mediated resistance to beta-lactams, including penicillin, 
have been reported (79).  The diagnostic laboratory at Iowa State University reported in 2008 
that only 17% of the 519 H. parasuis strains tested were susceptible to penicillin 
(http://vetmed.iastate.edu/vdpam/disease-topics/bacterial-susceptibility-profiles). 
The efficacy of antibiotics in preventing infection and disease has been well 
documented, especially when given prior to the appearance of clinical signs (64).  Antibiotics 
appear to be less useful in controlling ongoing outbreaks, however (74), although antibiotics 
given in high doses to all members of a herd, not just those showing clinical signs at the 
moment, may result in positive outcomes for affected animals (22).  Medicated early 
weaning strategies may prevent or eliminate H. parasuis infection, but only with high doses 
of antibiotics given via multiple routes (19). 
The administration of vaccines can aid in the prevention of infection and disease (46).  
Although no universal H. parasuis vaccine has to date been developed, vaccination using 
bacterins of a given serotype has been shown to provide acceptable protection from disease 
against subsequent homologous challenge, and autogenous vaccines have proven particularly 
effective at controlling disease in a given affected herd (38, 88).  On the other hand, accounts 
of the effectiveness of cross-protection among serotypes are mixed (88).  Instances of 
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effective vaccination against heterologous challenge have been reported (64, 73) but no 
general conclusions can be drawn from the studies published thus far (46). 
Strains of the bacterium have been classified using different phenotypic 
characteristics (11, 63, 76).  Serotyping systems, which classify strains on the basis of 
bacterial surface antigens, have been developed by a number of laboratories (52, 80), and a 
unified typing system in which fifteen H. parasuis serotypes were characterized based on the 
immunodiffusion of heat-stable antigen extracts (35) of the cell capsule polysaccharide (36) 
has been established.  The virulence of strains representing different serotypes has been 
ascertained (35), so serotyping an isolate from a herd may provide some indication of 
pathogenic potential.  However, approximately one quarter of strains do not produce a 
capsule or are otherwise non-reactive to the available antisera and are therefore non-typeable 
(35-36, 71).  Furthermore, the correlation between serotype and disease is not perfect (68) 
and the traits associated with a given serotype that result in the progression of infection from 
nasal carriage to systemic disease or pneumonia are unknown.  To overcome these obstacles, 
new typing methods based on genetic markers are being developed (66). 
Although the pathogenesis of H. parasuis disease in swine is not clearly understood 
(74), a number of virulence factors are likely involved.  Virulence factors are products 
produced by bacteria that enable them, directly or indirectly, to infect and cause disease (78).  
Virulence factors can include toxins (44), adhesins (93), proteases (30, 39), the 
polysaccharide capsule (53), and lipopolysaccharide (endotoxin) (26, 81-82).  The actions of 
virulence factors can include establishment on or in the host, evasion or defeat of the host 
immune response, movement and spread through host barriers and tissues, and acquisition of 
nutrition from the host. 
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Understanding how the organism causes disease in the host represents a critical step 
towards future disease prevention efforts.  Because of this, virulence factors have been well 
studied in a variety of pathogenic bacteria, including many species closely related to H. 
parasuis (20, 23, 44, 54, 86).  Haemophilus influenzae, responsible for middle-ear infections, 
meningitis, and pneumonia in humans, has been extensively examined and a number of its 
virulence factors have been identified.  These include fimbriae, adhesins, and secreted 
proteins (86-87). 
Two potential H. influenzae virulence factors that have been well studied are outer 
membrane proteins P2 and P5.  Outer membrane protein P2 is an immunodominant porin 
with considerable antigenic heterogeneity among strains (83).  As a porin, it functions both in 
general diffusion and specific transport of nicotinamide-derived nucleotide substrates (4).  P2 
also may play a role in colonization and has been shown to bind to human mucin (75).  The 
H. influenzae P5 outer membrane protein is a member of the OmpA family, a major 
structural protein in many gram-negative bacteria (21).  P5 has both immunodominant and 
host-adhesive domains (62) and has also been shown to bind to human mucin (75) as well as 
to surface-expressed carcinoembryonic antigen-related cell adhesion molecule 1 (28).  
Structure predictions for numerous P5 sequence variants suggest the presence of eight trans-
membrane regions and four surface-exposed loop regions (55, 91).  The predicted fourth loop 
region is an immunodominant but nonprotective epitope that serves to misdirect host immune 
responses (61). 
H. influenzae also utilizes immunoglobulin A (IgA) proteases.  IgA proteases act by 
specifically cleaving IgA molecules at their hinge regions, rendering them inactive (49).  IgA 
plays a key role in the defense of host mucosa (18) by binding microbes, trapping them in 
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mucus, and preventing them from reaching the mucosal cell surface (32, 94).  Although it 
does not activate complement, IgA binds to pathogen surface molecules and blocks their 
interactions with the host (78).  Thus, the inactivation of IgA by organisms like H. influenzae 
allows establishment of infection in the host. 
Less is known about the virulence factors specific to H. parasuis, but recent studies 
are beginning to elucidate elements of its pathogenesis.  The first search for H. parasuis 
virulence factors used differential display RT-PCR to reveal genes potentially associated 
with virulence (27).  Growing a strain of H. parasuis under two sets of conditions, designed 
to mimic the in vivo environment of either the upper respiratory tract or  systemic sites, seven 
genes were identified as being differentially expressed.  Three of these were only up-
regulated to a small degree and none were considered to have any particular association with 
virulence.  Also, all of these genes were shown to be present in all 15 H. parasuis serovars, 
decreasing their utility as genetic markers associated with virulence.   
Identifying genes present in only virulent strains may eventually allow for the rapid, 
PCR-based assessment of the pathogenic potential of a new isolate.  A more recent search 
used a modified representational difference analysis to identify five novel potential 
virulence-associated factors present only in virulent strains (77).  Another study used 
suppressive subtractive hybridization to identify genome-level differences between a 
pathogenic and non-pathogenic strain (97).  These two studies used the same pathogenic 
strain but identified two different sets of potential virulence genes, indicating that a number 
of genes are likely involved.  
The study of bacterial gene expression under a variety of conditions has been used in 
determining the pathogenesis of H. parasuis and in the discovery of genes involved in its 
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virulence.  An assessment of H. parasuis gene expression from the lungs of infected swine 
using the selective capture of transcribed sequences (SCOTS) identified 38 upregulated 
genes (33).  Thirty-six of these could be classified as homologs of genes from other bacteria  
and these were predicted to encode 29 metabolic proteins, three cell surface proteins, three 
regulatory proteins, and three transport proteins, some of which shared characteristics of 
virulence genes expressed by other members of the Pasteurellaceae.  Of these, one was also 
identified as a potential virulence factor in a study using microarray analysis under in vitro 
growth conditions that were designed to mimic those encountered by bacteria in vivo (47).  
This gene encodes an autotransporter serine protease and may be involved in the processing 
of autotransporters like adhesins that themselves could be involved in H. parasuis virulence 
(33). 
As iron acquisition is essential to bacteria attempting to establish and maintain an 
infection (92), iron restriction is commonly employed to examine gene expression.  Thirty-
six genes were identified using SCOTS upregulated in a highly virulent strain of H. parasuis 
under limited iron conditions designed to mimic the in vivo environment of the host (95).  
Not surprisingly, eight of the genes identified are involved in stress response and the 
transport or uptake of iron.  Included in these are a putative Yfe system homolog, identified 
in Yersinia pestis as a set of genes involved in iron uptake.  Metabolic proteins comprised 
most of the remaining upregulated genes, but one virulence-associated gene, pilA, was also 
identified.  This gene encodes a transcriptional regulator that has multiple roles, including 
pilin expression and serum resistance.   
Another study (48) examined differential expression of H. parasuis genes in response 
to iron restriction and porcine cerebral spinal fluid using differential-display reverse 
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transcriptase PCR.  Nine genes were found to be upregulated during iron restriction, none of 
which matched any of the upregulated genes reported in the SCOTS study (95).  Melnikow et 
al. (47) also included iron limitation as one of the conditions in their microarray experiment.  
YfeA, another component of the Yfe iron acquistion system, was found to be upregulated in 
that study. 
Gene expression during H. parasuis infection has also been examined from the 
perspective of the pig.  The transcriptomes of spleens from infected and control swine were 
compared in order to identify those genes upregulated in the host during infection (17).  
Approaching infection from the perspective of the host may offer insight into how virulent 
strains of H. parasuis manage to overcome host defenses.  One finding in this study was that 
swine genes related to the uptake and sequestering of iron like lactotransferrin were 
upregulated during infection, emphasizing the importance of iron to both host and pathogen. 
Other approaches have also been used to investigate the mechanisms of H. parasuis 
pathogenesis.  A comparison of H. parasuis strains suggested that certain outer membrane 
protein and DNA profiles may be associated with virulence (76).  In this study, strains 
isolated from sites associated with systemic disease (e.g., the serosa and meninges), during 
an outbreak of Glässer’s disease tended to possess more homogeneous profiles in comparison 
to isolates recovered from respiratory sites.  This indicated that certain outer membrane 
protein profiles or genotypes might be more likely to be virulent and cause systemic disease 
and that, as virulence is likely encoded by gene sequences that must be conserved in order to 
function, virulent strains are more likely to be highly homogeneous in coding regions 
associated with virulence.  A more recent study (70) supported this concept, showing that 
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genes identified as virulence-associated trimeric autotransporters were highly conserved in 
pathogenic strains and highly diversified in non-pathogenic strains. 
The transition of H. parasuis bacteria from a nasal commensal to a systemic pathogen 
is not fully understood, but inroads have been made into the deciphering of this process.  The 
invasion of endothelial cells by H. parasuis, specifically porcine brain microvascular 
endothelial cells (PBMEC), has been observed (5, 89).  The surface-exposed 
lipooligosaccharide (LOS) of H. parasuis was shown to partially mediate the interaction 
between the bacterium and PBMEC (14).  Recently, the LOS of H. parasuis was further 
demonstrated to have a limited role in adhesion to newborn pig tracheal cells (13).  In the 
same study, H. parasuis was shown to induce apoptosis of epithelial cells through a LOS-
independent mechanism.  In other work, a cell-associated neuraminidase has also been 
proposed to contribute to pathogenicity (42).  Additionally, biofilm formation has been 
demonstrated in numerous H. parasuis isolates and appears to be negatively associated with 
systemic spread of the organism (34). 
Tools have been developed to aid in the elucidation of elements of H. parasuis 
physiology, virulence, and pathogenicity.  Because H. parasuis is naturally transformable, 
systems designed to manipulate the genome have been designed and described (10) and a 
wide range of conjugative reporter plasmids has been made available.  Among them are a 
plasmid designed to monitor promoter activity with either green fluorescent protein and flow 
cytometry or with traditional plate-based colorimetric screening, and another is designed for 
the complementation of defined mutations into the genome (12).  Studies using plasmids 
offer advantages over transposon based signature-tagged mutagenesis, which is more labor-
intensive, random, and prone to unbalanced levels of mutation throughout the genome (12).   
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Because studies into the mechanisms of H. parasuis virulence have only recently 
been undertaken, the information presented thus far is scattered over a wide selection of 
topics.  A variety of methods have been developed to identify genes associated with 
virulence, and these methods have as a whole yielded considerable new information, but thus 
far the depth of knowledge in any one particular area is relatively meager.  This is especially 
true in regard to studies that go beyond correlation to discuss or describe the association of 
particular factors with causation of disease.  Many “putative” or “potential” targets have been 
identified, but in all cases more work will be required before their role, function, or 
importance can be fully understood.   
Although the number of papers being published on H. parasuis virulence has grown 
rapidly in the past few years, considerable gaps still remain in our understanding of H. 
parasuis pathogenesis and very few connections can yet be drawn between the studies 
presented by different researchers.  Nonetheless, as research continues common themes will 
be discovered that will provide a more thorough description of exactly how H. parasuis 
causes disease and how virulent and non-virulent strains differ.  
In the absence of further intensive investigation, preventing H. parasuis infection in 
pigs is not a practical option for most producers.  Moreover, from the viewpoint of producers, 
the benefit of eliminating the bacterium may actually be less than the risks and costs 
associated with endemic H. parasuis infection and sporadic disease.  Given this situation, a 
multifaceted approach to treating H. parasuis infection and disease in pigs must instead be 
used.  In addition to the antibiotic and vaccination treatments previously described, good 
herd management practices, such as preventing or alleviating stress, quarantining new 
animals before integrating them into the herd, maintaining clean facilities with well-regulated 
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environmental conditions, and making careful regular observations of pig behavior, may all 
help to limit the effects of infection.  Additionally, new and improved strategies for disease 
control and prevention may become available in the near future.  As ongoing research 
increases our understanding of H. parasuis pathogenesis, the sophistication and specificity of 
treatments and preventative measures that can be developed will increase. 
The expanding field of genomics will play an important role in the development of 
such measures.  The first completed genome of a H. parasuis strain was recently published 
(96), giving researchers access to a wealth of new information.  Although the function of 
many genes within this genome has yet to be determined, a complete sequence provides the 
framework upon which new experiments can be designed.  Having this resource available 
will undoubtedly accelerate the rate at which new discoveries can be made. 
Next-generation sequencing technologies (90) like pyrosequencing (2, 37) have made 
the rapid sequencing of multiple genomes a relatively feasible proposition.  Genome 
sequencing of multiple strains has already been undertaken in some species, and such studies 
have revealed intraspecies genomic variation to be quite high (41).  Whereas the genomes of 
higher organisms appear to be tightly regulated and share high intraspecies similarity, 
prokaryotic genomes can be more elastic and dynamic (40-41).  In prokaryotes, genes 
common to all members of a species are considered to comprise the core genome.  The 
percentage of genes that compromise the core genome varies among species, but these are 
genes typically involved in functions essential to survival and propagation.  Other genes are 
found in only some strains of a species, and others still may be unique to a particular strain.  
These genes may provide strains that possess them with particular advantages, including 
antimicrobial resistance and virulence.  When considered in combination with the core genes, 
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these make up the complete complement of genes for the species, which is referred to as the 
pan-genome (56). 
The concept of the pan-genome shows that, although a single genome of a given 
prokaryote is certain to prove highly useful, no single prokaryotic genome can accurately 
represent the full measure of genes within a given species, especially those genomes with a 
low degree of clonality.  Although models exist to estimate core and pan-genome sizes (84), 
it is clear that the sequencing of multiple genomes, preferably including a global selection of 
strains with varying levels of virulence, is necessary to approach a complete description of 
genes used by a prokaryotic species.  This situation will certainly hold true with H. parasuis, 
as initial comparisons between the published genome and draft genomes have already 
revealed regions present in the drafts that are not in the published genome (unpublished 
observation).  By completing multiple genome sequences, comparisons between strains of 
differing virulence can be made, and genes unique to particular genomes identified and 
studied.  Even if only draft sequences are used, this line of study promises to make great 
advances into the elucidation of what makes particular strains more virulent than others. 
The first definitive steps towards the development of a complete understanding of H. 
parasuis disease in swine have now been taken.  Although significant questions remain 
unanswered and much work remains to be done, ongoing research will ensure that new 
discoveries continue to be made. 
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Figures 
Figure 1. A scanning electron microscopy (SEM) image of H. parasuis bacteria (25,000x 
magnification).  Michael Mullins and Harry Horner, Iowa State University Microscopy and 
NanoImaging Facility. 
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CHAPTER 3: DRAFT GENOME SEQUENCE OF 
HAEMOPHILUS PARASUIS STRAIN 29755 
 
A paper to be submitted to the journal Standards in Genomic Sciences 
 
Michael A. Mullins1, Karen B. Register1, Darrell O. Bayles2, David W. Dyer3 and Gregory J. 
Phillips4 
 
Abstract 
Haemophilus parasuis strain 29755, a member of the family Pasteurellaceae, has 
long been used in the study of Glässer’s disease in pigs.  As such, the elucidation of its 
genome would greatly aid researchers in their efforts to better understand the results of their 
studies and to combat infection.  Published genome sequence information exists for only a 
single H. parasuis strain (ref), a situation that hampered efforts to study this microorganism 
that shows considerable genetic heterogeneity.  Here we describe the draft DNA sequence 
generated from a standard non-paired end 454 sequencing run.  The 2.2 million bp draft 
genome represents the second genomics report of any kind for the species. 
Introduction 
Haemophilus parasuis strain 29755 (=IA84-29755) is not a type strain, but it is the 
most fully characterized strain of the species.  Originally isolated from a pig exhibiting 
clinical signs of Glässer’s disease, strain 29755 has been used extensively in a wide variety 
                                                 
1Respiratory Diseases of Livestock Research Unit, USDA/Agricultural Research Service/National Animal 
Disease Center, P.O. Box 70, Ames, IA 50010 
2Bacterial Diseases of Livestock Research Unit, USDA/Agricultural Research Service/National Animal Disease 
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3Microbial Pathogenesis and Microbial Genomics, University of Oklahoma Health Sciences Center Biomedical 
Research Center, Oklahoma City, OK  73104 
4Department of Veterinary Microbiology and Preventive Medicine, Iowa State University College of Veterinary 
Medicine, Ames, IA 50011 
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of Glässer’s disease investigations (6, 23-24) and is a component of some H. parasuis 
vaccines (Suvaxyn® M. hyo–parasuis, Fort Dodge).  29755 has been typed as serovar 5, a 
group considered to be highly virulent, readily isolated from both respiratory and systemic 
sites (5, 21), and recognized as the serovar most frequently isolated worldwide (20). 
H. parasuis is an obligate pathogen of swine (22).  The bacterium is often carried in 
the nasal passages (12), but not the lungs (16), of healthy pigs.  Through unknown 
mechanisms, H. parasuis can move to infect systemically, and in cases of disease may be 
isolated from the meninges, lungs, serosa, joints, and blood.  Individual H. parasuis cells are 
small, non-motile rods (22) (Figure 1).  Capsulated and uncapsulated strains exist, the 
presence or absence of which may affect cellular morphology (18).  The bacterium is 
dependent on coenzyme nicotinamide adenine dinucleotide (NAD, or V factor) in medium 
(2) but it does not require porphyrins like hemin (X factor) for growth (3).  Growth on 
Casman Agar Base (BBL) supplemented with 1% (w/v) NAD (Sigma) and 5% GIBCO 
filtered horse serum (Invitrogen) or chocolate agar produces small, translucent colonies that 
appear within 24 hours and reach full size in around two days.  Colonies are nonhemolytic 
when grown on blood agar (22).  H. parasuis grows under normal atmosphere at 37°C, 
although added humidity and 5% CO2 may improve growth (20). 
In this paper we present a draft genome sequence for H. parasuis 29755.  The draft 
sequence has been annotated and we provide a summary of the genome features (Table 1).  
Although the genome of strain 29755 is not yet closed, this draft sequence, nonetheless, will 
provide useful information to researchers.  In fact, data from the 29755 genome sequence has 
already been used in multiple published studies (13, 19, 26). 
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Classification and features 
A 16S ribosomal RNA tree is depicted in Figure 2 for H. parasuis and related organisms.  An 
E. coli type strain is included as the outgroup.  The closed genome sequence for H. parasuis 
SH0165 contains six nearly identical 16S genes (26).  Multiple copies appear to be present in 
the 29755 draft genome as well, based on single nucleotide polymorphisms detectable in the 
16S gene sequences and on the depth of coverage for this region, but at present the individual 
loci cannot be separated by the sequence assembly software used.  Because of this, analyses 
were performed using a consensus sequence.  Analysis of the consensus sequence for 16S 
rRNA genes from the 29755 genome revealed that it shares 99.8% identity (1372/1375) to 
the consensus sequence for the six 16S genes of strain SH0165 and 97.8% (1346/1376) 
identity to the single 16S gene sequence available for H. parasuis type strain NCTC 4557 T. 
Genome sequencing and annotation 
Genome project history.  This organism was selected for sequencing because it has 
long been used in the study of Glässer’s disease.  The draft genome data are deposited in 
GenBank (NZ_ABKM00000000).  Initial 454 pyrosequencing (Roche/454 Life Sciences) 
was performed at the SUNY Buffalo Center of Excellence in Bioinformatics and Life 
Sciences, and a supporting whole-genome resequencing SOLiD run (Applied Biosystems) 
was performed at the genome center at the Oklahoma University Health Sciences Center.  
Sanger sequencing using small and large insert libraries, Illumina short read sequencing, or 
additional SOLiD sequencing have all been proposed for eventual closure.  Summary project 
information is listed in Table 2. 
Growth conditions and DNA isolation.  H. parasuis 29755 was grown from freezer 
stock for two days under 5% CO2 at 37°C on Casman Agar Base (BBL) supplemented with 
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1% (w/v) NAD (Sigma) and 5% GIBCO filtered horse serum (Invitrogen).  Following 
growth, a single colony was picked into 5 ml of brain-heart infusion medium supplemented 
with 10 µg/ml NAD and 10 µg/ml hemin (sBHI) and allowed to grow overnight at 37°C and 
185 rpm.  The next day, 2 ml was used as a seed culture into 100 ml of sBHI and the culture 
was again allowed to grow overnight to stationary phase.  Culture was divided into three  
33 ml aliquots in 50 ml conical tubes and cells were pelleted by centrifugation at 4000 x g for 
10 minutes.  Supernatant was removed and the pellets were resuspended with vortexing in  
11 ml of RNase A buffer.  300 µl of lysosyme (100 mg/ml) and 500 µl proteinase K  
(20 mg/ml) were subsequently added and resuspended material was incubated at 37°C for  
30 minutes, then frozen at -80°C. 
Genome sequencing and assembly.  From bacterial culture lysate, genomic DNA 
was prepared using QIAGEN® Genomic Tip genomic DNA preparation kit, yielding 1.12 
µg/µl genomic DNA as determined with UV absorption spectroscopy.  The subsequent 
library preparation yielded 9.65 x 108 molecules/µl of DNA with a mean size of 
approximately 600 nucleotides, as determined with a RNA6000 Pico chip on an Agilent® 
2100 bioanalyzer. EmPCR was performed at a concentration of 2 molecules per bead.  
Following sequencing, contigs were assembled using the 454 Newbler assembler. 
Genome annotation.  Genes were identified manually using GeneMark and 
automatically using Glimmer as part of the NCBI draft genome submission pipeline.  
Translated proteins were analyzed using PSORTb v.2.0 (10) to predict final location within 
the cell and assigned to COG functional categories (Tables 3 and 4). 
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Genome properties 
The draft genome is 2,224,137 bp and is likely comprised of one circular chromosome with a 
G/C content of approximately 39% (Figure 3).  For display, contigs were assembled end-to-
end with twenty “N” bases between contigs.  Orientation and order of contigs will change 
when the genome is closed. 
Acknowledgements 
The authors wish to thank David Alt for advice on 454 sequencing and the SUNY at Buffalo 
Center of Excellence in Bioinformatics and Life Sciences for performing the initial 
sequencing run.  This study was conducted, in part, from grants from the National Pork 
Board (GP and DD).   
References 
1. Ashburner, M., C. A. Ball, J. A. Blake, D. Botstein, H. Butler, J. M. Cherry, A. 
P. Davis, K. Dolinski, S. S. Dwight, J. T. Eppig, M. A. Harris, D. P. Hill, L. Issel-
Tarver, A. Kasarskis, S. Lewis, J. C. Matese, J. E. Richardson, M. Ringwald, G. 
M. Rubin, and G. Sherlock. 2000. Gene ontology: tool for the unification of 
biology. The Gene Ontology Consortium. Nat Genet 25:25-9. 
2. Biberstein, E. L., A. Gunnarsson, and B. Hurvell. 1977. Cultural and biochemical 
criteria for the identification of Haemophilus spp from swine. Am J Vet Res 38:7-11. 
3. Biberstein, E. L., P. D. Mini, and M. G. Gills. 1963. Action of Haemophilus 
cultures on delta-aminolevulinic acid. J Bacteriol 86:814-9. 
4. Biberstein, E. L., and D. C. White. 1969. A proposal for the establishment of two 
new Haemophilus species. J Med Microbiol 2:75-8. 
5. Blackall, P. J., V. J. Rapp-Gabrielson, and D. J. Hampson. 1996. Serological 
characterisation of Haemophilus parasuis isolates from Australian pigs. Aust Vet J 
73:93-5. 
6. Blanco, I., L. Galina-Pantoja, S. Oliveira, C. Pijoan, C. Sanchez, and A. Canals. 
2004. Comparison between Haemophilus parasuis infection in colostrums-deprived 
and sow-reared piglets. Vet Microbiol 103:21-7. 
7. Bruno, W. J., N. D. Socci, and A. L. Halpern. 2000. Weighted neighbor joining: a 
likelihood-based approach to distance-based phylogeny reconstruction. Mol Biol Evol 
17:189-97. 
8. Field, D., G. Garrity, T. Gray, N. Morrison, J. Selengut, P. Sterk, T. Tatusova, 
N. Thomson, M. J. Allen, S. V. Angiuoli, M. Ashburner, N. Axelrod, S. Baldauf, 
30 
 
S. Ballard, J. Boore, G. Cochrane, J. Cole, P. Dawyndt, P. De Vos, C. 
DePamphilis, R. Edwards, N. Faruque, R. Feldman, J. Gilbert, P. Gilna, F. O. 
Glockner, P. Goldstein, R. Guralnick, D. Haft, D. Hancock, H. Hermjakob, C. 
Hertz-Fowler, P. Hugenholtz, I. Joint, L. Kagan, M. Kane, J. Kennedy, G. 
Kowalchuk, R. Kottmann, E. Kolker, S. Kravitz, N. Kyrpides, J. Leebens-Mack, 
S. E. Lewis, K. Li, A. L. Lister, P. Lord, N. Maltsev, V. Markowitz, J. Martiny, 
B. Methe, I. Mizrachi, R. Moxon, K. Nelson, J. Parkhill, L. Proctor, O. White, S. 
A. Sansone, A. Spiers, R. Stevens, P. Swift, C. Taylor, Y. Tateno, A. Tett, S. 
Turner, D. Ussery, B. Vaughan, N. Ward, T. Whetzel, I. San Gil, G. Wilson, and 
A. Wipat. 2008. The minimum information about a genome sequence (MIGS) 
specification. Nat Biotechnol 26:541-7. 
9. Fink, D. K., and J. W. St. Geme III. 2006. The Genus Haemophilus, p. 1034-1061. 
In M. Dworkin, S. Falkow, E. Rosenberg, K. Schleifer, and E. Stackebrandt (ed.), The 
Prokaryotes, A Handbook on the Biology of Bacteria: Proteobacteria: Gamma 
Subclass, Third ed, vol. 6. Springer, New York, NY. 
10. Gardy, J. L., M. R. Laird, F. Chen, S. Rey, C. J. Walsh, M. Ester, and F. S. 
Brinkman. 2005. PSORTb v.2.0: expanded prediction of bacterial protein subcellular 
localization and insights gained from comparative proteome analysis. Bioinformatics 
21:617-23. 
11. Grant, J. R., and P. Stothard. 2008. The CGView Server: a comparative genomics 
tool for circular genomes. Nucleic Acids Res 36:W181-4. 
12. Harris, D. L., R. F. Ross, and W. P. Switzer. 1969. Incidence of certain 
microorganisms in nasal cavities of swine in Iowa. Am J Vet Res 30:1621-4. 
13. Jin, H., Y. Wan, R. Zhou, L. Li, R. Luo, S. Zhang, J. Hu, P. R. Langford, and H. 
Chen. 2008. Identification of genes transcribed by Haemophilus parasuis in necrotic 
porcine lung through the selective capture of transcribed sequences (SCOTS). 
Environ Microbiol 10:3326-36. 
14. Kilian, M. 2005. Genus III. Haemophilus, p. 883-904. In G. M. Garrity, D. J. 
Brenner, N. R. Krieg, and J. T. Staley (ed.), Bergey's Manual of Systematic 
Bacteriology, Volume Two: The Proteobacteria, Parts A - C., vol. Two. Springer - 
Verlag, Baltimore. 
15. Kroppenstedt, R. M., and W. Mannheim. 1989. Lipoquinones in Members of the 
Family Pasteurellaceae. Int J Syst Bacteriol 39:304-8. 
16. Little, T. W. 1970. Haemophilus infection in pigs. Vet Rec 87:399-402. 
17. Lukashin, A. V., and M. Borodovsky. 1998. GeneMark.hmm: new solutions for 
gene finding. Nucleic Acids Res 26:1107-15. 
18. Morozumi, T., and J. Nicolet. 1986. Morphological variations of Haemophilus 
parasuis strains. J Clin Microbiol 23:138-42. 
19. Mullins, M. A., K. B. Register, D. O. Bayles, C. L. Loving, T. L. Nicholson, S. L. 
Brockmeier, D. W. Dyer, and G. J. Phillips. 2009. Characterization and 
comparative analysis of the genes encoding Haemophilus parasuis outer membrane 
proteins P2 and P5. J Bacteriol 191:5988-6002. 
31 
 
20. Oliveira, S., and C. Pijoan. 2004. Haemophilus parasuis: new trends on diagnosis, 
epidemiology and control. Vet Microbiol 99:1-12. 
21. Rapp-Gabrielson, V. J., and D. A. Gabrielson. 1992. Prevalence of Haemophilus 
parasuis serovars among isolates from swine. Am J Vet Res 53:659-64. 
22. Rapp-Gabrielson, V. J., S. R. Oliveira, and C. Pijoan. 2006. Haemophilus 
parasuis, p. 681-690. In B. E. Straw, J. J. Zimmerman, S. D'Allaire, D. J. Taylor 
(ed.), Diseases of Swine, 9th ed. Blackwell, Ames, IA. 
23. Segales, J., M. Domingo, G. I. Solano, and C. Pijoan. 1997. Immunohistochemical 
detection of Haemophilus parasuis serovar 5 in formalin-fixed, paraffin-embedded 
tissues of experimentally infected swine. J Vet Diagn Invest 9:237-43. 
24. Solano, G. I., J. Segales, J. E. Collins, T. W. Molitor, and C. Pijoan. 1997. Porcine 
reproductive and respiratory syndrome virus (PRRSv) interaction with Haemophilus 
parasuis. Vet Microbiol 55:247-57. 
25. Som, A. 2006. Theoretical foundation to estimate the relative efficiencies of the 
Jukes-Cantor+gamma model and the Jukes-Cantor model in obtaining the correct 
phylogenetic tree. Gene 385:103-10. 
26. Yue, M., F. Yang, J. Yang, W. Bei, X. Cai, L. Chen, J. Dong, R. Zhou, M. Jin, Q. 
Jin, and H. Chen. 2009. Complete genome sequence of Haemophilus parasuis 
SH0165. J Bacteriol 191:1359-60. 
27. Zinnemann, K. 1980. Newer knowledge in classification, taxonomy and 
pathogenicity of species in the genus Haemophilus. A critical review. Zentralbl 
Bakteriol A 247:248-58. 
 
 
32 
 
Figures 
Figure 1. Scanning electron micrograph of H. parasuis 29755 (30,000X magnification).  
Michael Mullins and Harry Horner, Iowa State University Microscopy and NanoImaging 
Facility. 
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Figure 2. Phylogenetic tree of H. parasuis and some type strains from the family 
Pasteurellaceae, inferred from aligned 16S rRNA sequences obtained from the Ribosomal 
Database Project (RDP) (http://rdp.cme.msu.edu/index.jsp) using the Weighbor (weighted 
neighbor-joining) (7) tree building algorithm with Jukes-Cantor distance correction (25).  
Numbers above branches represent the percentage of trees in which each branch was 
represented in 100 replicates.  The tree was built using the tree-builder available at the RDP 
(http://rdp.cme.msu.edu/treebuilderpub/treeHelp.jsp). 
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Figure 3. Circular map of the H. parasuis 29755 draft pseudogenome.  From the outside 
working in are: open reading frames (ORFs) on the forward strand (one ring for each reading 
frame), start and stop codons for forward and reverse strands, ORFs on the reverse strand, 
GC content, and GC skew.  Map generated using CGView Server 
(http://stothard.afns.ualberta.ca/cgview_server/index.html) (11). 
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Tables 
Table 1. MIGS classification and general features of H. parasuis strain 29755 
a) Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct report 
exists in the literature); NAS: Non-traceable Author Statement (i.e., not directly observed for the living, 
isolated sample, but based on a generally accepted property for the species, or anecdotal evidence). These 
evidence codes are from http://www.geneontology.org/GO.evidence.shtml of the Gene Ontology project 
(1).  For an IDA evidence code, the property was directly observed for a live isolate by one of the authors, 
or an expert or reputable institution mentioned in the acknowledgements. 
 
b) MIGS = Minimum Information about a Genomic Sequence (8) 
 
MIGS IDa Property Term Evidence codeb 
 Current classification 
 
Domain      Bacteria 
Phylum       Proteobacteria 
Class          Gammaproteobacteria 
Order          Pasteurellales 
Family        Pasteurellaceae 
Genus         Haemophilus 
Species        parasuis 
Type strain  ATCC 19417, NCTC 4557 
Serotype      5 
 
TAS (14) 
TAS (14) 
TAS (14) 
TAS (14) 
TAS (27) 
TAS (4) 
NAS 
TAS (23) 
 Gram stain negative TAS (22) 
 Cell shape rods (pleomorphic) TAS (22) 
 Motility nonmotile TAS (22) 
 Sporulation non-sporulating TAS (22) 
 Temperature range mesophile (20-37C) TAS (14) 
 Optimum temperature 35-37C TAS (14) 
 
Carbon source saccharolytic TAS (9) 
 Energy source chemoorganotroph TAS (9) 
 Terminal electron receptor Oxygen TAS (15) 
MIGS-6 Habitat Host, swine upper respiratory tract  TAS (22) 
MIGS-6.3 Salinity 1-1.5% TAS (14) 
MIGS-22 Oxygen requirement facultative TAS (14) 
MIGS-15 Biotic relationship obligate pathogen of swine TAS (22) 
MIGS-14 Pathogenicity mild to severe TAS (22) 
MIGS-4 Geographic location Iowa NAS 
MIGS-5 Sample collection time 1970s NAS 
MIGS-4.1 
MIGS-4.2 
Latitude – Longitude not reported  
MIGS-4.3 Depth not reported  
MIGS-4.4 Altitude not reported  
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Table 2. Genome sequencing project information 
MIGS ID Property Term 
MIGS-31 Finishing quality draft 
MIGS-28 Libraries used one 454 pyrosequence standard library 
MIGS-29 Sequencing platforms 454 (FLX) 
MIGS-31.2 Fold coverage 28x 
MIGS-30 Assemblers Newbler  
MIGS-32 Gene calling method Glimmer, GeneMark (17) 
 Genome Database release 14-FEB-2008 
 Genbank ID NZ_ABKM00000000 
 Genbank Date of Release 14-FEB-2008 
 GOLD ID - 
 Project relevance second genome for H. parasuis 
 
Table 3. Nucleotide content and gene count levels of the genome 
Attribute Genome (total) 
 
Value % of totala 
Size (bp) 2,224,137 100.0% 
G+C content (bp) 867,413 39.0% 
Coding region (bp) 1,890,516 85.0% 
Total genes 2309 100.0% 
RNA genes 58 2.5% 
Protein-coding genes 2244 97.2% 
Pseudogenes noneb 0.0% 
Genes in paralog clusters ndc - 
Genes assigned to COGsd         1926    83.4% 
PSORT cytoplasmic 1181 50.4% 
PSORT extracellular 5 0.2% 
PSORT outer membrane 51 2.2% 
PSORT periplasmic 52 2.2% 
PSORT unknown 1055 45.0% 
a) The total is based on either the size of the genome in base pairs or the total number of protein coding genes 
in the annotated genome. 
b) Based on preliminary analysis of draft genome. 
c) nd = not determined 
d) COG = clusters of orthologous groups 
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Table 4. Number of genes associated with the 25 general COG functional categories 
Code Value % of totala Description 
J 168  6.55 Translation 
A  1 0.03 RNA processing and modification 
K  127 4.96 Transcription 
L  166 6.48 Replication, recombination and repair 
B  0 0.00 Chromatin structure and dynamics 
D  33 1.29 Cell cycle control, mitosis and meiosis 
Y  0 0.00 Nuclear structure 
V  32 1.25 Defense mechanisms 
T  48 1.87 Signal transduction mechanisms 
M  134 5.23 Cell wall/membrane biogenesis 
N  16 0.62 Cell motility 
Z  0 0.00 Cytoskeleton 
W  24 0.94 Extracellular structures 
U  75 2.93 Intracellular trafficking and secretion 
O  101 3.94 Posttranslational modification, protein turnover, 
chaperones 
C  115 4.49 Energy production and conversion 
G  139 5.42 Carbohydrate transport and metabolism 
E  175 6.83 Amino acid transport and metabolism 
F  57 2.22 Nucleotide transport and metabolism 
H  97 3.78 Coenzyme transport and metabolism 
I  43 1.68 Lipid transport and metabolism 
P  116 4.53 Inorganic ion transport and metabolism 
Q  25 0.96 Secondary metabolites biosynthesis, transport and 
catabolism 
R  234 9.13 General function prediction only 
S  197 7.69 Function unknown 
-  440 17.16 Not in COGs 
a) The total is based on the total number of protein coding genes in the annotated genome. 
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CHAPTER 4: CHARACTERIZATION AND COMPARATIVE  
ANALYSIS OF THE GENES ENCODING HAEMOPHILUS PARASUIS  
OUTER MEMBRANE PROTEINS P2 AND P5 
 
A paper published in The Journal of Bacteriology 
 
Michael A. Mullins1, Karen B. Register1, Darrell O. Bayles2, Crystal L. Loving1, Tracy L. 
Nicholson1, Susan L. Brockmeier1, David W. Dyer3 and Gregory J. Phillips4 
 
Abstract 
Haemophilus parasuis is a swine pathogen of significant industry concern, but little is 
known about how this organism causes disease.  A related human pathogen, Haemophilus 
influenzae, has been better studied and many of its virulence factors have been identified.  
Two of these, outer membrane proteins P2 and P5, are known to have important virulence 
properties.  The goals of this study were to identify, analyze and compare the genetic 
relatedness of orthologous genes encoding P2 and P5 proteins in a diverse group of 35 H. 
parasuis strains.  Genes encoding P2 and P5 proteins were detected in all H. parasuis strains 
evaluated.  The predicted amino acid sequences for both P2 and P5 proteins exhibit 
considerable heterogeneity, particularly in regions corresponding to predicted extracellular 
loops.  Twenty-five variants of P2 and seventeen variants of P5 were identified.  The P2 
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Research Center, Oklahoma City, OK  73104 
4Department of Veterinary Microbiology and Preventive Medicine, Iowa State University College of Veterinary 
Medicine, Ames, IA 50011 
39 
 
protein of seven strains was predicted to contain a highly conserved additional extracellular 
loop as compared to the remaining strains and to H. influenzae P2.  Antigenic site predictions 
coincided with predicted extracellular loop regions of both P2 and P5.  Neighbor-joining 
trees constructed using P2 and P5 sequences predicted divergent evolutionary histories 
distinct from those predicted by a multilocus sequence typing phylogeny based on partial 
sequencing of seven housekeeping genes.  Real-time reverse transcription PCR indicated that 
both genes are expressed in all strains. 
Introduction 
Haemophilus parasuis is the causative agent of Glässer’s disease, characterized by 
polyserositis (inflammation of the serous membranes accompanied by fibrinous exudate), 
polyarthritis and meningitis, with high rates of mortality and prolonged reduction in the 
growth rates of affected swine (37).  H. parasuis additionally causes pneumonia in the 
absence of systemic disease (23) but is also often carried in the nasal passages of seemingly 
healthy pigs (7,13).  There are 15 characterized H. parasuis serotypes and minimal cross-
protection is observed between strains (19).  It is not uncommon for a single herd to be 
colonized with several different strains and isolates recovered from systemic sites tend to be 
distinct from those recovered from the lung or nasal cavity (34,36).  Disease resulting from 
H. parasuis infection is an increasing concern to pork producers, especially those operating 
high-health, specific-pathogen-free herds, where infection appears to cause more serious 
disease (24,37). 
Little is known about virulence factors specific to H. parasuis and recent studies are 
just beginning to reveal potential components of disease-causing mechanisms.  A comparison 
of H. parasuis strains suggested that certain outer membrane protein profiles may be 
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associated with virulence (41), although none of the proteins was further characterized.  A 
global search for H. parasuis virulence genes using differential display RT-PCR revealed 
relatively few promising targets (14) while other investigations assessing gene expression in 
vivo (17), or under in vitro growth conditions designed to mimic those encountered in vivo 
(26,27), identified numerous potential virulence genes including a variety of transporters, 
metabolic and biosynthetic enzymes, putative cell surface proteins and some apparent 
homologs of virulence genes expressed by other members of the Pasteurellaceae.  A cell-
associated neuraminidase has also been proposed to contribute to pathogenicity (22).  
Recently, the lipooligosaccharide of H. parasuis was shown to have a limited role in 
adhesion to newborn pig tracheal cells (5).  In the same study, H. parasuis was shown to 
induce apoptosis of epithelial cells through a lipooligosaccharide-independent mechanism.  
Biofilm formation has been demonstrated in numerous H. parasuis isolates and appears to be 
negatively associated with systemic spread of the organism (18). 
More specific observations have been made regarding virulence factors in H. 
influenzae, a human pathogen responsible for otitis media, meningitis, and pneumonia.  A 
number of adhesins, proteases, and other proteins involved in causing disease and stimulating 
host immune responses have been identified (45) including two well-characterized outer 
membrane proteins, P2 and P5.  Outer membrane protein P2, encoded by the ompP2 gene, is 
an immunodominant porin with considerable antigenic heterogeneity among strains (43) that 
has been targeted as a potential vaccine candidate (16).   As a porin, it functions both in 
general diffusion and specific transport of nicotinamide-derived nucleotide substrates (1).  
Amino acid changes affect P2 pore permeability and the effectiveness of antibiotics (39).  P2 
may play a role in colonization and has been shown to bind to specific components of human 
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mucin (38).  Evidence for expression of P2 in H. parasuis has yet to be presented but recent 
genome sequencing efforts have revealed intact ompP2 orthologs in 2 different strains (49, 
M.A. Mullins, K.B. Register, D.O. Bayles, G.J. Phillips, D.W. Dyer, GenBank Acc. 
#NZ_ABKM00000000). 
The P5 outer membrane protein of H. influenzae, encoded by the ompP5 gene, is a 
member of the OmpA family and is present as a major structural protein in many gram-
negative bacteria (8).  P5 has both immunodominant and host-adhesive domains (31) and has 
been shown to bind to human mucin (38) as well as to surface-expressed carcinoembryonic 
antigen-related cell adhesion molecule 1 (15).  Structure predictions for numerous P5 
sequence variants suggest the presence of eight trans-membrane regions and four surface-
exposed loop regions (28,48).  The predicted fourth loop region is an immunodominant but 
nonprotective epitope that serves to misdirect host immune responses (30).   A protein 
reactive with an antibody that recognizes the P5 protein of H. influenzae has been detected in 
a single H. parasuis strain (25) and complete open reading frames orthologous to the H. 
influenzae ompP5 gene have recently been identified (50, M.A. Mullins, K.B. Register, D.O. 
Bayles, G.J. Phillips, D.W. Dyer, GenBank Acc. #NZ_ABKM00000000). 
The goals of the current study were to identify orthologs of the genes encoding P2 
and P5 from a diverse group of H. parasuis isolates, including representatives of the 15 
described serovars and several field isolates, and to examine and compare their predicted 
structural and antigenic properties.  Expression of ompP2 and ompP5 based on detection of 
mRNA was also evaluated for all strains.  To determine whether unique selective pressures 
might drive the emergence of P2 or P5 sequence variants, an evolutionary phylogeny of 
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strains based on DNA sequences derived from housekeeping genes was compared with trees 
constructed on the basis of ompP2 or ompP5 sequences. 
Materials and Methods 
Bacterial isolates and growth conditions.  Thirty-five strains of H. parasuis were 
selected for study, including field strains obtained in the United States, Europe and Japan, the 
15 recognized serovar reference strains (19) and the ATCC type strain.  A list of strains used 
is presented in Table 1.  Strains were grown on Casman Agar Base (Becton Dickinson, 
Sparks, MD), supplemented with 1% (w/v) NAD (Sigma, St. Louis, MO) and 5% GIBCO 
filtered horse serum (Invitrogen, Carlsbad, CA), at 37°C under 5% CO2. 
Southern blotting.  Genomic DNA was prepared using a commercially available 
purification kit (Promega, Madison, WI) and quantified using UV spectrophotometry.  Three 
micrograms of genomic DNA was digested overnight at 37°C with restriction endonuclease 
NciI (Invitrogen, Carlsbad, CA), whose recognition site is not found within any known H. 
influenzae ompP2 or ompP5 sequence.  Fragments were resolved by electrophoresis 
overnight in 0.6% agarose gels containing 0.5 µg of ethidium bromide per ml in Tris-borate 
buffer (89 mM Tris, 89 mM boric acid, 2 mM disodium EDTA) and transferred to positively 
charged nylon membranes (Roche Applied Science, Indianapolis, IN).  DNA was bound to 
membranes using a UV transilluminator. 
High stringency conditions used for membrane hybridization and processing were 
previously reported (40).  ompP2 and ompP5 probes were DIG-labeled with a PCR DIG 
probe synthesis kit (Roche Applied Science, Indianapolis, IN) according to the 
manufacturer’s recommendations, using H. parasuis strain 29755 DNA as the template.  
Primers HpompP2-1 and HpompP2-2 were used to generate the ompP2 probe; primers 
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HpompP5-1 and HpompP5-2 were used to generate the ompP5 probe (Table 2).  Detection 
with anti-DIG-alkaline phosphatase and CSPD (Roche Applied Science, Indianapolis, IN) 
was carried out according to the manufacturer’s protocol.  To visualize hybridization, X-ray 
film (Kodak, Rochester, NY) was exposed to the membrane for 5-40 min and then 
developed. 
Sequencing and analysis of the ompP2 and ompP5 genes.  PCR primers were 
designed to amplify ompP2 and ompP5 in H. parasuis based on the DNA sequence of these 
genes in strain 29755 (Table 2).  For ompP2, primers HpompP2-1 and HpompP2-2 amplified 
the open reading frame, minus the start and stop codons (1074 bp in 29755).  Overlapping 
amplicons covering the 5′ and 3′ ends were obtained using primer sets HpompP2-
3/HpompP2-4 and HpompP2-5/HpompP2-6, respectively.  A similar approach was utilized 
for ompP5 with primer sets HpompP5-1/HpompP5-2, HpompP5-3/HpompP5-4 and 
HpompP5-9/HpompP5-8. 
PCR was performed on a PTC-200 thermocycler (MJ Research, Waltham, MA) using 
the following cycling conditions: 95°C for 5 min, 35 cycles of 95°C for 30 s, 55°C for 30 s, 
and 72°C for 1 min, and a final elongation of  72°C for 7 min.  Reactions contained a final 
concentration of 1.5 mM MgCl2, 200 µM of each dNTP, 2.5 U of Taq polymerase and  
0.5 µM of each primer in a final volume of 50 µl.  Following confirmation of a single PCR 
product by agarose gel electrophoresis, amplicons were purified using spin columns (Qiagen, 
Valencia, CA) and sequenced directly by fluorescence-based cycle sequencing with 
AmpliTaq and BigDye Terminators on an ABI 377 sequencer at the National Animal Disease 
Center Genomics Unit.  PCR products from a subset of strains were cloned into pCR2.1 
using a TA Cloning Kit (Invitrogen, Carlsbad, CA), as recommended by the manufacturer.  
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Recombinants selected using blue-white screening with 5-bromo-4-chloro-3-indolyl-β-D-
galactoside and isopropylthiogalactoside on Luria-Bertani agar plates supplemented with 50 
µg/ml kanamycin were picked directly into PCR tubes and the inserts were amplified and 
sequenced as indicated above.  All sequences were edited and aligned using the Vector NTI 
Advance 10 program Contig Express (Invitrogen, Carlsbad, CA).   Final sequences represent 
a minimum of 3X coverage with at least one read from each strand. 
DNA sequences were translated in silico into protein sequences and analyzed as 
follows.  The Compute pI/Mw tool (http://www.expasy.ch/tools/pi_tool.html) was used to 
compute molecular weights of P2 and P5.  PSORT (29) was used to predict the subcellular 
location of the two proteins.  InterProScan (http://www.ebi.ac.uk/Tools/InterProScan/) was 
used to assess the functional role of each protein.  Hidden Markov Modeling and Neural 
Network Modeling in SignalP (http://www.cbs.dtu.dk/services/SignalP/) were both used to 
detect signal peptides and predict the cleavage sites within each sequence.  The PRED-
TMBB beta-barrel prediction tool (2) was used to describe the structure of proteins in their 
final cellular locations and to generate two-dimensional visual representations of the proteins 
within the membrane.  Antigenic sites were detected using a semi-empirical prediction 
method (21).  Simpson’s Index of Diversity (44) was calculated for P2 and P5 variants as a 
measure of genetic diversity.  Values obtained for a particular set of sequences may range 
from 0 (every sequence is identical) to 1.0 (every sequence is unique). 
ompP2 and ompP5 expression.  Real-time RT-PCR was used to detect ompP2- and 
ompP5-specific mRNA.  Bacteria were grown to an A600=0.3 ±0.05, pelleted by 
centrifugation and resuspended in RLT buffer for RNA isolation using the RNeasy Mini 
Isolation Kit (Qiagen, Valencia, CA) according to manufacturer’s recommendations.  
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Reverse-transcription for cDNA synthesis was completed using random primers and 
SuperScript II Reverse Transcriptase according to manufacturer’s recommendations 
(Invitrogen, Carlsbad, CA).  For real-time PCR, gene-specific primers (Table 2) were 
designed from conserved regions evident in multiple sequence alignments using Primer 
Express software (Applied Biosystems, Foster City, CA), yielding amplicons of 68 and 65 
nucleotides from ompP2 and ompP5, respectively.  Primers specific for the H. parasuis 16S 
rRNA gene (Table 2) were used for positive control reactions.  Negative control reactions 
using isolated RNA not reverse transcribed into cDNA were also performed to verify that 
amplification of chromosomal DNA did not contribute to the results obtained. 
Multi-locus sequence typing (MLST).   MLST was carried out following the methods 
described in Olvera et al. (33).  Using the primer sequences provided therein, PCR amplicons 
were obtained from seven H. parasuis housekeeping genes: atpD, infB, mdh, rpoB, 6pgd, 
g3pd and frdB.  Amplicons were purified using ExoSAP-IT (USB Corporation, Cleveland, 
OH) following confirmation of a single PCR product by agarose gel electrophoresis.  
Sequencing and analysis were carried out as described above.  Final sequences represent a 
minimum of 3X coverage with at least one read from each strand.  Final sequences derived 
from each gene for all strains were aligned and trimmed to equal length based on the 
outermost 5’- and 3’-terminal positions available for every strain.   The resulting sequence 
lengths are 548 bp for atpD, 441 bp for infB, 431 bp for mdh, 366 bp for rpoB, 416 bp for 
6pgd, 400 bp for g3pd, and 450 bp for frdB.  These sequences are slightly truncated at both 
ends as compared to those reported previously for MLST analysis of H. parasuis (33).  
MLST data for 11 of the 35 strains evaluated in this study have been reported previously 
(33). 
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Phylogenetic analyses.  Neighbor-joining trees used to infer the evolutionary history 
of ompP2, ompP5 or MLST DNA sequences were constructed using MEGA4 (42,46).  The 
evolutionary distances were computed using the Maximum Composite Likelihood method 
(47) and are in the units of the number of base substitutions per site.  For the MLST tree, 
sequences from the seven housekeeping genes atpD, infB, mdh, rpoB, 6pgd, g3pd and frdB 
were concatenated, in that order, into a single sequence of 3052 bp for each H. parasuis 
strain prior to phylogenetic analysis.  Bootstrap consensus trees inferred from 10000 
replicates were taken to represent the evolutionary history of the taxa analyzed (11).  
Branches corresponding to partitions reproduced in less than 50% bootstrap replicates were 
collapsed. The percentage of replicate trees in which the associated taxa clustered together in 
the bootstrap test (10000 replicates) is shown next to the branches.  Trees are drawn to scale, 
with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic trees. All positions containing gaps and missing data were eliminated from 
datasets (complete deletion) used for unrooted trees.  For trees rooted using sequences from 
H. influenzae strain Rd KW20,  positions containing alignment gaps and missing data were 
eliminated only as needed in pairwise sequence comparisons (pairwise deletion). 
GenBank accession numbers.  GenBank accession numbers for ompP2 and ompP5 
sequences reported here are EU741863-EU741929 and EU852097-EU852099. 
Results 
Identification of ompP2 and ompP5 genes and comparative DNA sequence 
analysis.  ompP2- and ompP5-specific PCR demonstrated that both genes are present in all 
35 strains of H. parasuis evaluated.  DNA sequences of PCR amplicons obtained from strain 
29755 are identical to those obtained previously from the draft genome sequence.  DNA 
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sequence alignments revealed considerable heterogeneity among strains in both genes.  The 
open reading frame (ORF) for ompP2 in strain 29755 is 1080 bp and ranges in length from 
1077-1203 bp for the remaining strains.  Among all strains, 25 different ompP2 alleles were 
observed with no more than 4 strains sharing any single variant (Table 1).  Relative to strain 
29755, two large, in-frame inserts of 48-60 bp and 67-70 bp in length are present in seven 
strains (No.4, Sw114, Sw124, 131, C5, H465, and 12939).  Slightly less heterogeneity was 
observed among H. parasuis ompP5 genes.  The ompP5 ORF is 1104 bp in strain 29755 and 
varies in length from 1098-1110 bp in all other strains.  Seventeen unique ompP5 alleles 
were identified, distinguished by substitutions and/or small (3-12 bp) insertions or deletions.  
As many as seven strains were found to share a single allelic variant.  Considering individual 
isolates, 28 different ompP2/ompP5 allelic combinations were identified.  Four of the seven 
ompP2 alleles occurring in more than a single isolate are associated with only a single 
ompP5 variant although the suggested exclusivity of the relationships may be an artifact of 
the limited number of strains representing each ompP2 allele.  Conversely, none of the six 
ompP5 alleles common to more than one isolate are associated solely with a particular 
ompP2 variant. 
Based on available H. parasuis genome sequence data ompP2- and ompP5-containing 
NciI fragments are predicted to be approximately 5.1 Kb and 6.4 Kb, respectively.  Although 
no evidence currently exists for multiple copies of either ompP2 or ompP5 in H. influenzae, 
Southern blotting was used to examine the copy number of these genes in the H. parasuis 
strains included in this study.  An ompP2 probe hybridized with a single fragment of 
approximately 5.1 Kb in all 35 of the strains evaluated but, unexpectedly, an additional 
strongly hybridizing band of roughly 10 Kb was apparent in four strains (results from 
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representative strains are shown in Fig. 1A).  To address the possibility that incomplete DNA 
digestion might explain these results, blots were stripped and rehybridized with a probe 
specific for an unrelated capsular biosynthesis gene expected to be present in a single copy.  
Only one band was evident in every strain (data not shown).  When blots were hybridized 
with an ompP5 probe, a single fragment of the size predicted (6.4 Kb) was detected in 27 
strains, including 29755; single fragments of either approximately 11.5 Kb or 20 Kb were 
detected in the remaining strains suggesting either that ompP5 is located in a different region 
of the chromosome in these strains or that the location of the flanking NciI sites is altered.  
Figure 1B includes a strain representative of each of the different fragments observed. 
Given the highly stringent hybridization conditions used, these results suggest that 
multiple copies of ompP2 are present in some strains of H. parasuis, raising the question as 
to whether multiple allelic variants might occur within a single strain.  Re-examination of the 
trace data from the previously sequenced ompP2 PCR products failed to identify potentially 
polymorphic sites for any strain that displayed multiple ompP2-containing bands by Southern 
blotting.  Additionally, the DNA sequences of 10 individually cloned amplicons from each of 
the strains in question revealed no variation within any single strain. 
P2 and P5 amino acid and structural predictions.  All allelic variants described for 
both genes are predicted to give rise to unique protein sequences (Fig. 2).  No frameshift or 
nonsense mutations were detected in either gene for any strain.  Depending on the strain, the 
calculated molecular weights of the mature P2 and P5 proteins (i.e., missing the signal 
sequences) range from 36.7-40.1 Kd and 37.1-37.4 Kd, respectively. 
  As compared to strain 29755, the relative amino acid identity for P2 ranges from 
78.4-100% while that of P5 ranges from 89.0-99.7% (Table 1).   The degree of diversity 
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among all 35 H. parasuis P2 sequences is greater than the level found among P5 sequences 
(Simpson’s Index of Diversity of 0.976 versus 0.918, respectively).  For comparative 
purposes, diversity indices were also calculated using the P2 and P5 sequences of H. 
influenzae currently available in GenBank.  In contrast to H. parasuis, less diversity is 
apparent among H. influenzae P2 proteins (an index of 0.994, representing 57 sequences) as 
compared to P5 proteins (an index of 1.0, representing 13 sequences).  Taking sample size 
into consideration, a higher level of variation appears to exist among P5 proteins of H. 
influenzae as compared to those of H. parasuis. 
Unique pairings of P2 and P5 proteins occur in 22 of the 35 strains examined (Table 
1).  Six combinations are represented among the thirteen strains whose P2/P5 pairings are not 
unique; five are common to two strains each and one is shared by three strains.  In some 
cases, strain designations suggest common pairings might merely reflect different isolations 
from the same herd or outbreak, (e.g., strain pairs 831541/ 831542 and 464-99/1050-99) but 
this is conjecture since no information is available regarding the epidemiologic relationship 
among these strains or most of the others evaluated here.  Of note, the three strains sharing 
P2/P5 variant 12/12 appear to be distinct from one another, based on MLST (see below and 
Fig. 5C), and were all obtained from pigs with septicemia.  While intriguing, the absence of 
additional information related to the source of these strains prevents any sound conclusion as 
to the significance of this association or the potential contribution of this P2/P5 pairing to 
disease manifestation or virulence. 
PSORT predicted that both P2 and P5 function as outer membrane proteins.  
InterProScan predicted that all P2 proteins are outer membrane proteins of the Gram-negative 
porin family and that all P5 proteins are outer membrane proteins of the OmpA family.  
50 
 
Signal P Hidden Markov Modeling and Neural Network Modeling detected similar amino-
terminal signal sequences in both proteins:  in P2 a signal peptide is predicted to be cleaved 
at position 20 in all strains and in P5 a signal peptide is predicted to be cleaved at position 26 
in all strains. 
PRED-TMBB β-barrel prediction analysis was used to approximate the final 
conformation and two-dimensional arrangement of the H. parasuis P2 and P5 proteins in the 
bacterial outer membrane.  For the P2 protein, two distinct forms were predicted.  The first, 
exhibited by 28 of the 35 strains examined, consists of an outer membrane protein with eight 
extracellular loop domains, hereafter numbered consecutively as loops 1-8 (Fig. 2A).  Figure 
3A depicts the structural representation of P2 from strain 15677, whose predicted sequence 
most closely approximates the consensus sequence.  The predicted structure of the H. 
influenzae P2 protein similarly includes 8 loops (Fig. 3C).  The P2 proteins of the 7 
remaining H. parasuis strains examined possess two large insertions relative to the consensus 
sequence, one contained entirely within loop 3 and the other within loop 5 (Fig. 2A).  For 
these strains, PRED-TMBB predicted a ninth external loop; the P2 structure from a 
representative strain (H465) is depicted in Figure 3B.   Specifically, a 15-20 amino acid 
insertion in loop 3, as defined in the consensus sequence, creates an additional 
transmembrane region predicted to split the loop into two shorter extracellular regions, loops 
3a and 3b.  The second insertion of 22-23 amino acids is predicted to extend the 
transmembrane segment between loops 4 and 5 such that the N-terminal boundary of the 
extracellularly-exposed sequence of loop 5 is shifted towards the C-terminus (from 
DDYKSGSVNKKDK to VEAGGKSTDHTYTEKPF).  For all P2 proteins, sequence 
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heterogeneity occurs primarily within predicted extracellular loop domains, whereas 
sequence outside those domains is highly conserved across strains. 
For P5, PRED-TMBB predicted five extracellular loop domains, consecutively 
numbered 1-5, in all 35 H. parasuis strains (Fig. 2B).  The P5 structure within the bacterial 
cell membrane for NADC1 and D74, the strains most and least similar to the consensus 
sequence, respectively, are depicted in Figures 4A and 4B.  Similarly to P2, sequence 
heterogeneity in P5 is primarily localized to predicted extracellular loop domains and, 
relative to the consensus sequence, insertions or deletions have effects on the predicted 
extracellular loop domain sequence and structure.  Loop 3 sequences are highly variable 
across strains, with six variants exhibiting multiple insertions or deletions relative to the 
consensus.  In comparison, loops 2 and 5 are more highly conserved, with only a few amino 
acid substitutions and, for strains 131, C5 and D74, insertion of an alanine residue in the 
middle of loop 5.  PRED-TMBB also predicted five loops for the P5 protein of H. influenzae 
(Fig.  4C).  While modeling based on alternative methods generally suggests only four 
surface-exposed regions in this protein (28,48), at least one former study revealed areas of 
heterogeneity at amino acid positions consistent with a possible fifth loop (9). 
All predicted H. parasuis P2 and P5 proteins were further analyzed for antigenic 
regions using a semi-empirical prediction method (21).  Regions identified were then 
compared with regions predicted to comprise extracellular loops in order to assess potential 
loop antigenicity.  A strong hit was defined as a predicted antigenic site occurring solely 
within an extracellular loop region; a weak hit was defined as a site that primarily spans a 
transmembrane or periplasmic region, which is less likely to be antigenic, but which also 
includes at least some amino acids from an adjacent extracellular loop region. 
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For P2, loops 1, 4, 6, 7, and 8 possess weakly antigenic motifs.  In all 35 strains loop 
3 exhibits particularly high antigenicity with multiple strongly antigenic sites predicted.  In 
strain 15677, for example, in which loop 3 spans amino acids 120-167, three strongly 
antigenic surface-exposed sites are predicted, at positions 120-127, 134-140, and 157-162.  
Three antigenic sites were also predicted within loops 3a/b for the P2 proteins of the seven 
strains with altered loop 3 morphology, but only two were scored as strong hits; in these 
strains, the second antigenic site of loop 3 is located within the transmembrane space, rather 
than extracellularly, due to the additional transmembrane region that splits loop 3 into 
separate extracellular domains 3a and 3b. 
For P5, only weakly antigenic sites were predicted in loops 1-4.  Loop 5, however, 
appears strongly antigenic in all strains.  In strain NADC1, loop 5 was predicted to span 
amino acids 225-241 and a strong hit was predicted at amino acids 227-241.  In strain D74, 
loop 5 was predicted to span amino acids 226-243 and a strong hit was predicted at 228-243. 
ompP2 and ompP5 expression.  Using RT-PCR, mRNA for both P2 and P5 was 
detected in all 35 strains of H. parasuis evaluated (data not shown).  These results suggest the 
respective proteins are likely to be expressed by all strains but development of antibodies for 
their detection is required for definitive demonstration of the presence of these proteins. 
ompP2,  ompP5 and MLST phylogenies.  Nucleic acid coding sequences for ompP2 
and ompP5 were used to construct separate neighbor-joining trees (Fig. 5A and 5B, 
respectively).  Although two major evolutionary lineages are apparent for both genes, and 
some strains segregate similarly, the phylogenies are largely divergent.  This observation 
could indicate that different selective pressures and functional constraints are driving the 
emergence of P2 and P5 variants or, on a more holistic level, may reflect a differential 
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response to the sum of all selective pressures encountered in the particular niche(s) inhabited 
by H. parasuis. 
For comparative purposes, each tree was also rooted with the appropriate H. 
influenzae ortholog (Figure 6) and in both cases the degree of inter-species divergence within 
H. parasuis is minimal in comparison to intra-species divergence. 
From the 35 H. parasuis strains examined, 32 MLST sequence types were identified, 
some unique from all previously described for H. parasuis (manuscript in preparation).  Not 
considering short stretches of sequence missing from the 5′ and 3′ ends, which were trimmed 
to satisfy our coverage requirements, allelic sequences derived in this study from the eleven 
H. parasuis strains that were also included in the previous report of Olvera et al. (33) are 
identical to theirs except in the case of D74, for which six of seven alleles differ.  Accidental 
cross-contamination with another isolate in our laboratory can be eliminated as an 
explanation for this discrepancy since both ompP2 and ompP5 sequences from our culture of 
D74, as well its MLST sequence type, are unique from those of all other isolates in our 
collection.  Regardless of the explanation, our seed stock of strain D74 clearly differs from 
that used in the study of Olvera et al. (33) and, accordingly, will henceforth be referred to as 
NADC-D74. 
The population structure of the H. parasuis strains examined here, as revealed by a 
neighbor-joining tree based on MLST data (Fig. 5C), is distinct from the phylogenies 
suggested by either ompP2 or ompP5 sequence data.  Since the housekeeping genes from 
which MLST data were obtained are expected to be highly conserved, the MLST tree likely 
reflects the overall ancestral relationship among the strains included.  The P2 and P5 
phylogenies are far more likely to reflect local environmental selective pressures as 
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evidenced by the extensive degree of diversity that is localized to the protein regions 
predicted to be exposed on the cell surface. 
 Experimental data related to virulence in swine exists only for a small number of the 
H. parasuis strains used here (19).  Examination of the previously derived P2, P5 and MLST 
phylogenies in light of this information does not reveal any clonal relationships shared 
specifically among either virulent or avirulent strains.  Anecdotal information related to 
virulence is also available for some strains but again, no virulence-specific association with 
particular clones of any phylogeny is apparent.  Similarly, considering strains for which the 
information is available, there is no strong correlation between site of isolation and any major 
clade of either P2, P5 or MLST trees. 
Discussion 
Previous research on the human pathogen H. influenzae indicates that outer 
membrane proteins P2 and P5 have important roles in infection and evasion of host 
immunity.  In this report, we identified and characterized the genes encoding these proteins 
in 35 strains of H. parasuis, an economically important swine pathogen.  Based on their 
predicted amino acid sequences, twenty-five P2 and seventeen P5 types were detected among 
the strains included in this study.  For P2, no more than four strains share the same predicted 
amino acid sequence.  Although P5 sequences exhibit less overall diversity, no more than 
seven strains share the same variant.  The degree of P2- and P5-specific heterogeneity 
evident among the relatively limited number of isolates examined suggests the existence of a 
large number of undiscovered variants circulating among infected swine.  An additional 
degree of strain-specific variability is conferred by the many novel P2/P5 pairings in 
individual isolates.  Interestingly, the predicted P2 and P5 proteins of a Chinese H. parasuis 
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isolate whose complete genome sequence was recently reported (49) are unique from any 
identified here. 
The relationships among H. parasuis strains inferred by trees based on ompP2 and 
ompP5 differ from those based on MLST data, indicating that the evolution of P2 and P5 has 
occurred independently from that of housekeeping genes assumed to be under neutral 
selection.  Heterogeneity in both genes is focused largely at the predicted extracellular loop 
regions presumably exposed to changing conditions in the host and environment.  In H. 
influenzae, it has been proposed that antigenic drift of P2 and P5 results from immune 
selection of spontaneously occurring loop sequence variants (9,10,48).  The extensive 
variability detected here in regions of H. parasuis P2 and P5 predicted to be both 
extracellular and antigenic is consistent with the hypothesis that antigenic variation of these 
proteins may also be driven by host immune selection (6).  The H. parasuis ompP2 and 
ompP5 phylogenies additionally differ from one another, with the predicted P2 protein 
sequences exhibiting greater overall diversity than those predicted for P5, suggesting that the 
two proteins may be subject to different selective pressures or that P2 may tolerate a higher 
level of sequence variation without compromising function.  In H. influenzae, P2 and P5 are 
postulated to contribute to colonization and known to affect immune responses but little is 
currently understood about the functions of these proteins in H. parasuis.  In H. influenzae, 
predicted surface-exposed loops of P2 can activate the eukaryotic MAP kinase signaling 
pathway (12) which plays a key role in regulating both innate and adaptive immune 
responses (51).  Loop 3 of the H. influenzae P5 protein is critical for protection, but a 
neighboring immunodominant loop appears to divert the immune response, functioning as a 
nonprotective decoy (30). 
56 
 
Of particular interest are the large insertions of highly conserved sequence discovered 
within loops 3 and 5 of the P2 protein in seven of the strains examined.  These sequences 
provide the basis for the divergence of H. parasuis strains into two distinct lineages on the P2 
tree (Fig. 5A).  The mechanism that generates such variation is unclear, but horizontal 
exchange is possible given that H. parasuis is naturally competent (3).  While their origin 
and functional significance is unknown, these insertions have dramatic effects on the 
predicted surface-exposed regions of the proteins.  In addition to substantially lengthening 
the P2 molecule, from approximately 360 amino acids in the majority of strains to 
approximately 400 residues in the seven affected strains, the additional amino acids in loop 3 
are predicted to create a new transmembrane region.  This new region may be of particular 
importance, as its addition removes from the extracellular space a site otherwise predicted to 
be highly antigenic.  Additionally, in loop 5, an entirely different string of amino acids is 
shifted into the predicted loop region by the addition of extra residues.  In both cases, not 
only the antigenicity but also the function of the protein may be affected. 
All of the findings related to protein structure were derived from the use of predictive 
software tools and are, therefore, subject to limits.  Selection of PRED-TMBB as our primary 
prediction tool was based on a preliminary assessment of its performance in comparison to 
another frequently used method, PROFtmb (4).  Both programs use Hidden Markov Models 
and a selected set of known structures from the Protein Data Bank to develop their predictive 
processes.  PRED-TMBB uses the sequences of sixteen proteins with known structures as a 
training set; PROFtmb uses eight protein sequences.  PROFtmb was less consistent than 
PRED-TMBB in its predictions among H. parasuis strains with closely related sequences and 
predicted loops at some locations that appear biologically unrealistic based on current 
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knowledge of the structure of transmembrane β-barrel proteins  (e.g., at the extreme C-
terminus of some P5 molecules, following an extended stretch of amino acids predicted to be 
intracellular; M. Mullins, unpublished data).  However, significant limitations exist for even 
the most robust predictive tools for modeling protein structure.  Definitive information as to 
the membrane topology of P2 and P5 in H. parasuis requires direct experimental evidence, 
which has yet to be obtained.  Nonetheless, predictions resulting from the analyses reported 
here provide a basis for additional investigation into the structure and function of these 
proteins in H. parasuis. 
No prior data provide evidence for more than a single copy of ompP2 in H. parasuis, 
including the draft genome sequence of strain 29755 and the completed sequence for strain 
SHO165.  Multiple copies are not known to occur in H. influenzae but have been reported in 
Haemophilus ducreyi (35).   Our results suggest that four of the H. parasuis strains evaluated 
here may harbor at least two copies of ompP2.  Although these strains segregate within one 
of the two major lineages of the MLST phylogeny, they do not appear to be closely related.  
No polymorphisms are apparent within individual strains when the sequences of numerous, 
individually cloned PCR amplicons are compared.  However, it cannot currently be assumed 
that multiple copies of ompP2 occurring within a particular strain are identical, since 
sequence polymorphisms potentially present in primer-binding regions may have restricted 
PCR amplification to only one of the two loci detected by Southern blotting.  Future efforts 
directed towards determination of the DNA sequence adjacent to the ompP2 ORF(s) will 
provide definitive assessment of the copy number and also permit selective amplification and 
sequencing of all copies.  As compared to the ATCC type strain 19417, preliminary 
quantitative RT-PCR results fail to demonstrate significantly higher levels of ompP2-specific 
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mRNA in the group of strains potentially possessing multiple gene copies (C.L. Loving, 
unpublished data) but, as noted above, it is uncertain whether the primers used permit 
detection from more than a single copy.   Sequence analysis and comparison of promoter 
regions may assist in predicting whether all copies are likely to be transcriptionally active.  
Multiple copies of ompP2 could add to the repertoire of P2 variants available to some strains 
of H. parasuis. 
Consistent with the findings reported here, there is no prior evidence suggesting 
multiple copies of ompP5 in H. parasuis.  H. influenzae similarly appears to possess only a 
single allele, although multiple copies do occur in some other members of the 
Pasteurellaceae.  In H. ducreyi, a second, tandemly located and independently transcribed 
copy of the ompP5 ortholog has been described that is proposed to have arisen through a 
duplication event (20).  Two tandem, independently expressed copies, one of which may 
have been acquired through horizontal DNA transfer, are also present in Pasteurella 
trehalosi (8). 
Although the PCR primers used here for MLST are identical to those employed in a 
prior study (33), our respective phylogenies cannot be directly compared because the slightly 
truncated sequences used in the present study do not include a few extreme 5′ and 3′ base 
positions previously noted to be variable among strains.  Some of the positions in question lie 
within the primer sequences themselves, raising the possibility that, in some cases, the 
previously reported 5′ and 3′ terminal variable positions could inadvertently represent primer 
sequence rather than the sequence of the DNA template.  In fact, comparison of the MLST 
primer sets with the corresponding targets from the recently sequenced genomes of H. 
parasuis strains 29755 and SHO165 reveals numerous mismatches in four of the seven used.  
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Accurate phylogenies derived from MLST or other sequence data require tree construction 
based on sequences trimmed so as to exclude the primer-binding regions and any adjacent 
areas covered by sequence reads from only a single strand, as was done in the present study.  
Nonetheless, similar to the population structure of the strains previously evaluated (33), the 
H. parasuis strains evaluated here comprise two divergent branches of a neighbor-joining 
tree derived from MLST data.  The previous study further noted an association between a 
particular branch and pathogenic isolates but we were unable to detect such a relationship 
here, possibly due to the relatively limited number of strains for which reliable information 
related to virulence is available.  Further analysis using a larger number of more fully 
characterized strains may help to elucidate the origin of highly pathogenic isolates. 
The basis for virulence of H. parasuis is not understood and isolation of this agent 
from both healthy and diseased pigs suggests extreme heterogeneity among strains.  
Although an association has been observed between pathogenic potential and particular outer 
membrane protein profiles (41) or whole cell protein profiles (32) it is not known whether P2 
and/or P5 are components of such “virulence” profiles.  A possible correlation between 
serotype and virulence has also been noted (19), but no exclusive relationship is apparent and 
many isolates are nontypeable (36).  Further, it is unclear whether such characteristics merely 
act as markers for virulence or contribute more directly to disease.  We were unable to 
establish a correlation between virulence and any particular P2 or P5 variant, but the 
likelihood that these proteins are under selective pressure suggests they may contribute to 
virulence.  This report is the first to document extensive sequence polymorphism among 
ompP2 and ompP5 genes of H. parasuis and our results additionally suggest there may be a 
considerable degree of antigenic variation among the corresponding proteins.  Further 
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research, including isolation and more detailed characterization of these outer membrane 
proteins, will assist in delineating their specific functions and possible roles in virulence. 
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Figures 
Figure 1. Southern blots of NciI-digested H. parasuis genomic DNA from the strains 
indicated hybridized to an ompP2 (A) or ompA (B) probe.  (A) Lanes: 1, H425; 2, 831542; 3, 
24054; 4, 15677; 5, Nagasaki.  (B) Lanes:  1, 831542; 2, 17321; 3, 15677.  Relative positions 
of the DNA size markers are indicated to the left. 
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Figure 2. Alignment of H. parasuis P2 (A) or P5 (B) predicted protein sequences.  Predicted 
extracellular loop domains are indicated in bold within the consensus sequence.  Dots 
represent amino acid identity with the consensus sequence and dashes represent gaps.  Lower 
case letters indicate the corresponding amino acid substituted and the consensus amino acid 
have similar physical properties; upper case letters indicate an amino acid substitution with 
dissimilar physical properties.  “X” in the consensus sequence indicates an amino acid 
present in some strains that is not in the consensus. 
A. 
                      10        20        30        40        50        60        70        80 
              ----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 
Consensus     MKKTLVALAVAAFAASASAVTVYENEGTKVDFDGQLRLLLEEQATKEKGQSSTGGHTNLKNNGSRFGISIKHNINENLYG 
15677         ................................................................................ 
24054         ................................................................................ 
84-22113      ................................................................................ 
NADC2         ................................................................................ 
29755         ................................................................................ 
464-99        ................................................................................ 
1050-99       ................................................................................ 
Nagasaki      ................................................................................ 
2170B         .....................................................R........S................. 
84-17975      .....................................................R........S................. 
H367          ................................................................................ 
H425          ................................................................................ 
685-99        .........................................................d...................... 
D74           ................................................................................ 
10680         ................................................................................ 
29814         ................................................................................ 
29864         ................................................................................ 
32585         ................................................................................ 
831541        .........................................................d...d.................. 
831542        .........................................................d...d.................. 
84-15995      .....................................................R........S................. 
174           ...............................................e................................ 
17321         ................................................................................ 
19417         .....................................................R........S................. 
MN-H          .........................................k..s.V......A........S................. 
28803         .....................................................S...d...................... 
NADC1         .........................................k..s.V......S...d...................... 
Sw140         .........................................k..s.V......S...d...................... 
12939         .........................................k..s.V......D........S................. 
131           ...........T.............................kk.s....k...D........S................. 
Sw114         ...........T.............................k..s....k...D........S................. 
Sw124         .........................................k..s.V......D........S................. 
C5            ...........T.............................k..s....k...D........S................. 
No.4          ...........T.............................k..s....k...D........S................. 
H465          .........................................k.V---......D........S................. 
Consensus     MKKTLVALAVAAFAASASAVTVYENEGTKVDFDGQLRLLLEEQATKEKGQSSTGGHTNLKNNGSRFGISIKHNINENLYG 
                                                               Loop 1 
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                      90       100       110       120       130       140       150       160 
              ----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 
15677         .........R....D.........E.......................................--......-------- 
24054         .........R....D.........E.......................................--......-------- 
84-22113      ........D............K.kY.......................................--......-------- 
NADC2         ........D............K.kY.......................................--......-------- 
29755         ........D............K.kY.......................................--......-------- 
464-99        ........D............K.kY.......................................--......-------- 
1050-99       ........D............K.kY.......................................--......-------- 
Nagasaki      ........D............K.kY.................D.....................--......-------- 
2170B         ........D...e........K.kY.......................................--......-------- 
84-17975      ........D...e........K.kY.......................................--......-------- 
H367          .........R....D.........K.......................................--......-------- 
H425          .........R....D.........K.......................................--......-------- 
685-99        ........D...e........K.kY.......................................--......-------- 
D74           ..........G.....E.......E.......................................--......-------- 
10680         .........R....D.........E....................................sT.IR...P..-------- 
29814         .........R....D.........E....................................sT.IR...P..-------- 
29864         .........R....D.........E....................................sT.IR...P..-------- 
32585         .........R....D.........E....................................sT.IR...P..-------- 
831541        ........D............K.kY.................V.....................--......-------- 
831542        ........D............K.kY.................V.....................--......-------- 
84-15995      ........D...e........K.kY.......................................--......-------- 
174           .........R....D........dE.................................D.....--......-------- 
17321         ........D.G...D.........E....................................sT.IR...P..-------- 
19417         ..........G.....E.......E.....................................D.--......-------- 
MN-H          ..........d.....E......dE.................................D.....--......-------- 
28803         ........D............K.kY.................V...............D..sT.IR...P..-------- 
NADC1         ........D............K.kY.................V...............D..sT.IR...P..-------- 
Sw140         ........D............K.kY.................V...............D..sT.IR...P..-------- 
12939         ..........G.....K......dE.......................................--...tYKVNKPITVN 
131           ..........G.....K......dE.......................................--...tYKVDESITVN 
Sw114         ..........G.....K......dE.......................................--...tYEVEESITVD 
Sw124         ........D.G.....K......dE.......................................--...tYKVDKPITGN 
C5            ..........G.....K......dE.......................................--...tYEVEEPITVN 
No.4          ..........G.....K......dE.......................................--...tYEVEESITVD 
H465          ..........G.....K......dE.......................................--...tYKVNESITVD 
Consensus     FGRYETRLGSNSKNAAGWGDVTTExAYVGLGGYGHEISFGKQAVIGDSIGQAGFDKVYGVGTGGxxIKYSANxxxxxxxx 
                          Loop 2                                      Loop 3a/b                
 
                     170       180       190       200       210       220       230       240 
              ----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 
15677         ------------...........................................T...N...T................ 
24054         ------------...........................................T...N...T................ 
84-22113      ------------...........................................T...N...T................ 
NADC2         ------------...........................................T...N...T................ 
29755         ------------...........................................T...N...T................ 
464-99        ------------...........................................T...N...T........e....... 
1050-99       ------------...........................................T...N...T........e....... 
Nagasaki      ------------...........................................T...N...T................ 
2170B         ------------...........................................T...N...T................ 
84-17975      ------------...........................................T...N...T................ 
H367          ------------...........aS............................N.-.....D.T................ 
H425          ------------...........aS............................N.-.....D.T................ 
685-99        ------------...........DS.........................k....T...N...T................ 
D74           ------------...........aS............................D.-.G.....I................ 
10680         ------------sAd......................................D.-.G.....A................ 
29814         ------------sAd......................................D.-.G.....A................ 
29864         ------------sAd......................................D.-.G.....A................ 
32585         ------------sAd......................................D.-.G.....A................ 
831541        ------------.........................................D.-.G.....A................ 
831542        ------------.........................................D.-.G.....A................ 
84-15995      ------------...........DS..............................T...N...T................ 
174           ------------...........aS............................N.-.G...D.T................ 
17321         ------------sAd......................................D.-.G.....A................ 
19417         ------------...........aS..............................T.....D.A................ 
MN-H          ------------...........aS............................N.-.....D.T................ 
28803         ------------sAd........................................T.....D.A................ 
NADC1         ------------sAd........................................T.....D.A................ 
Sw140         ------------sAd........................................T.....D.A................ 
12939         NQQ----GTFKYsAPqe......QS............................D.-.G.....I................ 
131           NTQ----GTFKYsAPqe......QS...........................e.--Ad...D.I................ 
Sw114         NKQ----GTFKYsAAqe......QS...........................e.--Ad...D.I................ 
Sw124         NRQ-----GTLYsAPq.......QS...........................e.--Ad...D.I................ 
C5            NTQGTSQGTFKYsAPqe......QS...........................e.--Ad...D.I................ 
No.4          NKQ----GTFKYsAPqe......QS...........................ee--Ad...D.I................ 
H465          NKR----GTFKYsAPqe......QS...........................e-------.D.I................ 
Consensus     xxxxxxxxxxxxNTNKKGFDILTSDSDSAINYTYTGIEGLTLGANYNVANERDKKxGEVKVGSxKSGFGLGAKYTAKIAE 
                 Loop 3a/b (cont)                                  Loop 4 
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                     250       260       270       280       290       300       310       320 
              ----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 
15677         ....................-----------------------..................................... 
24054         ....................-----------------------..................................... 
84-22113      ....................-----------------------..................................... 
NADC2         ....................-----------------------..................................... 
29755         ....................-----------------------..................................... 
464-99        ....................-----------------------..................................... 
1050-99       ....................-----------------------..................................... 
Nagasaki      ....................-----------------------..................................... 
2170B         ....................-----------------------..................................... 
84-17975      ....................-----------------------..................................... 
H367          ..................a.-----------------------.............................V..D.... 
H425          ..................a.-----------------------.............................V..D.... 
685-99        ....................-----------------------..................................... 
D74           ..................a.-----------------------.............................V..D.... 
10680         ....................-----------------------..................................... 
29814         ....................-----------------------..................................... 
29864         ....................-----------------------..................................... 
32585         ....................-----------------------..................................... 
831541        ..................a.-----------------------.............................V..D.... 
831542        ..................a.-----------------------.............................V..D.... 
84-15995      ..................a.-----------------------.............................V..D.... 
174           ..................a.-----------------------.............................V..D.... 
17321         ....................-----------------------..................................... 
19417         ..................a.-----------------------..................................... 
MN-H          ..................a.-----------------------.............................V..D.... 
28803         ....................-----------------------..................................... 
NADC1         ....................-----------------------..................................... 
Sw140         ..................a.-----------------------.............................V..D.... 
12939         ....................KLKGKFVQTNGTSTDHTYTES-F..........V..................V..D.... 
131           ....................QLKGKFVQANGTSTDHTYTES-F...n.........................V..Dd... 
Sw114         ....................KLKGKFVEAGGKSTDHTYTKKPF.............................V..Dd... 
Sw124         ....................ELKGKFVQTNGTSTNHTYTES-F.............................V..Dd... 
C5            ....................KLKGKFVEAGGKSTDHIHTGKPF.............................V..Dd... 
No.4          ....................KLKGKFVQANGTSTDHIHTEKPF.............................V.KDd... 
H465          ....................KLKGKFVEAGGKSTDHTYTEKPF.............................V..Dd... 
Consensus     SQSVTVAAGYTHDDYKSGSVxxxxxxxxxxxxxxxxxxxxxxxNKKDKDGVYFGLKYVNAPFTVAVDGGHGVEKTGNVKE 
                                     Loop 5                                             Loop 6 
 
                     330       340       350       360       370       380       390       400 
              ----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 
15677         .............................-.................................................. 
24054         .............................-.................................................. 
84-22113      .............................-.................................................. 
NADC2         .............................-.................................................. 
29755         .............................-.................................................. 
464-99        .............................-.................................................. 
1050-99       .............................-.................................................. 
Nagasaki      .............................-.................................................. 
2170B         .............................-.................................................. 
84-17975      .............................-.................................................. 
H367          .............................-.................................................. 
H425          .............................-.................................................. 
685-99        .............................-n......................................N....k..... 
D74           .............................-.......................................N.......... 
10680         .............................-n................................................. 
29814         .............................-n................................................. 
29864         .............................-n................................................. 
32585         .............................-n................................................. 
831541        .............................-n................................................. 
831542        .............................-n................................................. 
84-15995      .............................-.................................................. 
174           .............................-.................................................. 
17321         .............................-n................................................. 
19417         .............................-n....................................d.N....k..... 
MN-H          .............................-n................................................. 
28803         .............................-n......................................N....k..... 
NADC1         .............................-n......................................N....k..... 
Sw140         .............................-............................................k..... 
12939         .............................-.................................................. 
131           ..n..........................-VeD..................................d.N....k..... 
Sw114         ..n..........................-VeDf.V...............................d.N....k..... 
Sw124         ..n..........................-VeDf...............................n.d.N....k..... 
C5            ..n..........................-VeDf.V...............................d.N....k..... 
No.4          ..n..........................KVeDf.V...............................d.N....k..... 
H465          ..n..........................-Ve.f.................................d.N....k..... 
Consensus     KIDFVRTGARFDVTPKSGVYGNYSYGTYKxDKAYKATAHQFMLGADYKLHKQVVTFVEGRLIKNKDSNNKKVTDQALGVG 
                                           Loop 7                               Loop 8 
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                     410   
              ----:----| 
15677         ..... 
24054         ..... 
84-22113      ..... 
NADC2         ..... 
29755         ..... 
464-99        ..... 
1050-99       ..... 
Nagasaki      ..... 
2170B         ..... 
84-17975      ..... 
H367          ..... 
H425          ..... 
685-99        ..... 
D74           ..... 
10680         ..... 
29814         ..... 
29864         ..... 
32585         ..... 
831541        ..... 
831542        ..... 
84-15995      ..... 
174           ..... 
17321         ..... 
19417         ..... 
MN-H          ..... 
28803         ..... 
NADC1         ..... 
Sw140         ..... 
12939         ..... 
131           ..... 
Sw114         ..... 
Sw124         ..... 
C5            ..... 
No.4          ..... 
H465          ..... 
Consensus     LRVLW 
 B.                   10        20        30        40        50        60        70        80 
              ----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 
NADC1         ...................................................................V............ 
H425          ...................................................................V............ 
32585         .............................d.....................................V............ 
Sw114         ......................................................e......................... 
685-99        .......................Q......t....................................V............ 
174           ................................................................................ 
H465          ......................................................A......................... 
29814         .............................d.................................................. 
29864         .............................d.................................................. 
28803         .............................d.................................................. 
12939         .............................d.................................................. 
10680         .............................d.................................................. 
19417         .............................d.................................................. 
Sw140         .............................d.....................F............................ 
17321         .............................d.....................F............................ 
Sw124         .................................................................R.............. 
MN-H          ...................................................F.............R.............. 
29755         .......................Q......t....................................V............ 
2170B         .......................Q......t....................................V............ 
NADC2         .......................Q......t....................................V............ 
Nagasaki      .......................Q......t....................................V............ 
84-17975      .......................Q......t....................................V............ 
464-99        .......................Q......t....................................V............ 
1050-99       .......................Q......t....................................V............ 
84-15995      .......................Q......t..................id...A.....DAtNLK...s.......... 
15677         .......................Q......t..................id...A.....DAtNLK...s.......... 
24054         .......................Q......t..................id...A.....DAtNLK...s.......... 
831541        .......................Q......t..................id...A.....DAtNLK...s.......... 
831542        .......................Q......t..................id...A.....DAtNLK...s.......... 
H367          .......................Q......t..................id...A.....DAtNLK...s.......... 
84-22113      .......................Q......t..................id...A.....DAtNLK...s.......... 
No.4          ......................................................e......................... 
131           ......................................................e......................... 
C5            ......................................................e......................... 
D74           .............................d.....................F............................ 
Consensus     RIIKMKKSLIALAVSGLAVASVANAAPQANSFYVGAKAGWATFHNDINQLNSKYKNDARYATSANGYGINRNSVTYGVFG 
                                                                    Loop 1 
69 
 
                      90       100       110       120       130       140       150       160 
              ----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 
NADC1         .....................................................................ST..---.... 
H425          .....................................................................ST..---.... 
32585         .....................................................................ST..---.... 
Sw114         .....................................................................F...---.... 
685-99        .....................................................................ST..---.... 
174           ............................E...................s....................F...---.... 
H465          .....................................................................F...---.... 
29814         ............................E...................s....................F...---.... 
29864         ............................E...................s....................F...---.... 
28803         ............................E...................s....................F...---.... 
12939         ............................E...................s....................F...---.... 
10680         ............................E...................s....................F...---.... 
19417         ............................E...................s....................F...---.... 
Sw140         ............................E...................s....................F...---.... 
17321         ............................E...................s....................F...---.... 
Sw124         ............................E...................s....................F...---.... 
MN-H          ............................E...................s....................F...---.... 
29755         .....................................................................S..AG-VqTQ. 
2170B         .....................................................................S..AG-VqTQ. 
NADC2         .....................................................................S..AG-VqTQ. 
Nagasaki      .....................................................................S..AG-VqTQ. 
84-17975      .....................................................................S..AG-VqTQ. 
464-99        .....................................................................S..AG-VqTQ. 
1050-99       .....................................................................S..AG-VqTQ. 
84-15995      .....................................................................ST..---.... 
15677         .....................................................................ST..---.... 
24054         .....................................................................ST..---.... 
831541        .....................................................................ST..---.... 
831542        .....................................................................ST..---.... 
H367          ............................E........................................ST.I---.... 
84-22113      .....................................................................S..AG-VqTQ. 
No.4          ......................Ke.............................................F...EP---.. 
131           ......................Ke...........................................-fYD.ED-----. 
C5            ......................Ke...........................................-fYD.ED-----. 
D74           ............................E......................................-fYD.ED-----. 
Consensus     GYQIIDNLAVELGYDYFGRVRGNKQEFRAFKHSAHGTHLSLKPSYEVLNGLDVYGKVGAALVRNDYKRYxQTRxxxEPVK 
                                      Loop 2                                      Loop 3 
 
                     170       180       190       200       210       220       230       240 
              ----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 
NADC1         ...................................................----........................- 
H425          ...................................................----........................- 
32585         ...................................................----........................- 
Sw114         .........................................V.........----........................- 
685-99        ...................................................----........................- 
174           .........................................M.........----........................- 
H465          .........................................M.........----........................- 
29814         .........................................M.........----........................- 
29864         .........................................M.........----........................- 
28803         .........................................M.........----........................- 
12939         .........................................M.........----........................- 
10680         .........................................M.........----........................- 
19417         .........................................M.........----........................- 
Sw140         .........................................M.........----........................- 
17321         .........................................M.........----........................- 
Sw124         .........................................V.........----........................- 
MN-H          .........................................M.........----........................- 
29755         a.......vl.........................................----........................- 
2170B         a.......vl.........................................----........................- 
NADC2         a.......vl.........................................----........................- 
Nagasaki      a.......vl.........................................----........................- 
84-17975      a.......vl.........................................----........................- 
464-99        a.......vl.........................................----........................- 
1050-99       a.......vl.........................................----........................- 
84-15995      ...................................................----........................- 
15677         ...................................................----........................- 
24054         ...................................................----........................- 
831541        ...................................................----........................- 
831542        ...................................................----........................- 
H367          ...................................................----........................- 
84-22113      a.......vl.........................................----........................- 
No.4          ................................R...AN..AQ.RGDT.MfGPGST....a...s.............AP- 
131           a.......ll......................R...AN..AQ.RGDT.MfGPGST....a...s.............APA 
C5            a.......ll......................R...AN..AQ.RGDT.MfGPGST....a...s.............APA 
D74           a.......ll......................R...AN..AQ.RGDT.MfGPGST....a...s.............APA 
Consensus     SHNLKTSLIVGAGVEYAILPELAFRVEYQWLSNVGNFTKAEAKENRRATYNxxxxYSPDSHSVTAGISYRFGQGAAPVAx 
                                                Loop 4                                 Loop 5 
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                     250       260       270       280       290       300       310       320 
              ----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 
NADC1         ................................................................................ 
H425          ................................................................................ 
32585         ................................................................................ 
Sw114         ............................s......A............................................ 
685-99        ................................................................................ 
174           ............................s......A............................................ 
H465          ............................s......A.A.......................................... 
29814         ...................................A............................................ 
29864         ...................................A............................................ 
28803         ...................................A............................................ 
12939         ...................................A............................................ 
10680         ...................................A............................................ 
19417         ...................................A............................................ 
Sw140         ...................................A............................................ 
17321         ...................................A............................................ 
Sw124         ...................................A.........E.................................. 
MN-H          ...................................A............................................ 
29755         ................................................................................ 
2170B         ................................................................................ 
NADC2         ................................................................................ 
Nagasaki      ................................................................................ 
84-17975      ................................................................................ 
464-99        ................................................................................ 
1050-99       ................................................................................ 
84-15995      ................................................................................ 
15677         ................................................................................ 
24054         ................................................................................ 
831541        ................................................................................ 
831542        ................................................................................ 
H367          ................................................................................ 
84-22113      ................................................................................ 
No.4          ...................................A.A.......................................... 
131           ...................................A.A.......................................... 
C5            ...................................A.A.......................................... 
D74           ...................................A.A.......................................... 
Consensus     AAPEVVTKNFAFSSDVLFDFGKANLKPAAAQTLDAVHTEIVNLGLANPAVQVNGYTDRIGKDAANLTLSQKRAETVANYI 
              Loop 5 (cont.) 
 
                     330       340       350       360       370        
              ----:----|----:----|----:----|----:----|----:----|----:-- 
NADC1         ......................................................... 
H425          ......................................................... 
32585         ......................................................... 
Sw114         ....................................V.................... 
685-99        ......................................................... 
174           ....................................V.................... 
H465          ....................................V.................... 
29814         ....................................V.................... 
29864         ....................................V.................... 
28803         ....................................V.................... 
12939         ....................................V.................... 
10680         ....................................V.................... 
19417         ....................................V.................... 
Sw140         ....................................V.................... 
17321         ....................................V.................... 
Sw124         ....................................V.................... 
MN-H          ....................................V.................... 
29755         ......................................................... 
2170B         ......................................................... 
NADC2         ......................................................... 
Nagasaki      ......................................................... 
84-17975      ......................................................... 
464-99        ......................................................... 
1050-99       ......................................................... 
84-15995      ......................................................... 
15677         ......................................................... 
24054         ......................................................... 
831541        ......................................................... 
831542        ......................................................... 
H367          ......................................................... 
84-22113      ......................................................... 
No.4          ....................................V.................... 
131           ....................................V.................... 
C5            ....................................V.................... 
D74           ....................................V.................... 
Consensus     VSKGVNPANVTAVGYGEANPVTGNTCDAVKGRKALITCLAPDRRVEIQVQGSKEVSM 
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Figure 3. P2 protein structural representations for H. parasuis strain 15677, the strain with 
greatest similarity to the consensus sequence (A), H. parasuis strain H465, the strain with 
least similarity to the consensus sequence (B) or, for comparison, H. influenzae strain Kw20 
Rd (C).  Amino acid residues are colored according to hydrophobic potential using a 
gradation from yellow (0.5) to blue (-2.0). 
 
 
Figure 4. P5 protein structural representations for H. parasuis strain NADC1, the strain with 
greatest similarity to the consensus sequence (A), H. parasuis strain D74, the strain with least 
similarity to the consensus sequence (B) or, for comparison, H. influenzae strain Kw20 Rd 
(C).  Amino acid residues are colored according to hydrophobic potential using a gradation 
from yellow (0.5) to blue (-2.0). 
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Figure 5. Unrooted neighbor-joining trees derived from H. parasuis ompP2 (A), ompA (B) or 
MLST (C) sequences.  Branches corresponding to partitions reproduced in less than 50% 
bootstrap replicates were collapsed. The percentage of replicate trees in which the associated 
taxa clustered together in the bootstrap test (10,000 replicates) is shown next to the branches. 
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Figure 6. Rooted neighbor-joining trees derived from H. parasuis ompP2 (A) and ompA (B).  
Branches corresponding to partitions reproduced in less than 50% bootstrap replicates were 
collapsed. The percentage of replicate trees in which the associated taxa clustered together in 
the bootstrap test (10000 replicates) is shown next to the branches. 
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Tables 
Table 1. H. parasuis strains used in this study 
Strain          Serovar        Isolation Site  P2 variant1       P5 variant1  
No. 4   12  Nose   24 (78.4) 15 (89.2) 
Sw140   22  Nose   10 (93.6) 11 (94.3) 
Sw114   32  Nose   23 (79.1) 13 (94.8) 
Sw124   42  Nose   21 (80.6) 9 (94.3) 
Nagasaki  52  Meninges  2 (99.7) 1 (99.7) 
131   62  Nose   22 (81.9) 17 (89.0) 
174   72  Nose   14 (95.0) 10 (94.6) 
C5   82  Unknown  25 (79.1) 17 (89.0) 
D74   92  Unknown  16 (95.0) 16 (89.0) 
H367   102  Unknown  15 (95.8) 3 (93.8) 
H465   112  Trachea  20 (78.6) 14 (94.6) 
H425   122  Lung   15 (95.8) 7 (96.5)  
84-17975  132  Lung   6 (99.2) 1 (99.7)  
84-22113  142  Joint   1 (100) 2 (96.7)  
84-15995  152  Lung   5 (97.8) 4 (94.0) 
10680   UK3  Lung, Heart  12 (93.9) 12 (94.6) 
12939   UK3  Lung   19 (82.6) 12 (94.6) 
15677   UK3  Brain, Heart  13 (98.3) 4 (94.0) 
17321   UK3  Brain, Lung  11(94.2) 11 (94.3) 
24054   UK3  Lung   13 (98.3) 4 (94.0) 
28803   UK3  CSF, Lung  9 (94.7) 12 (94.6) 
29814   UK3  Joint, Lung  12 (93.0) 12 (94.6) 
29864   UK3  Brain, Joint  12 (93.9) 12 (94.6)  
32585   UK3  Lung   12 (93.9) 6 (96.2) 
831541  UK3  Unknown  7 (96.4) 4 (94.0) 
831542  UK3  Unknown  7 (96.4) 4 (94.0)  
464-99   UK3  Unknown  3 (99.7) 1 (99.7) 
685-99   UK3  Unknown  4 (97.8) 5 (97.0) 
1050-99  UK3  Unknown  3 (99.7) 1 (99.7) 
2170B   UK3  Joint   6 (99.2) 1 (99.7) 
ATCC 19417T  UK3  Respiratory Tract 17 (94.7) 12 (94.6) 
29755   5  Lung   1  1 
MN-H   13  Joint, Lung, CNS 18 (93.9) 8 (94.3) 
NADC1  UK3  Lung   8 (93.9) 7 (96.5) 
NADC2  UK3  Lung   1 (100) 1 (99.7) 
 
1
 value in parenthesis is % amino acid identity as compared to strain 29755 
2 serovar reference strain 
3
 unknown 
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Table 2. PCR primers 
Target  Primer Name  Sequence 
ompP2  HpompP2-1  5’- AAA AAA ACA CTA GTA GCA TTA G -3’  
 
ompP2  HpompP2-2  5’- CCA TAA TAC ACG TAA ACC AA -3’   
ompP2  HpompP2-3  5’- ATG TAA GAT ATT GAC ACT ACT CTA C -3’  
ompP2  HpompP2-4  5’- TGA TAG AAA TAC CGA AAC GAG AAC -3’  
ompP2  HpompP2-5  5’- CAG CTC ATC AAT TCA TGT TAG GTG CAG -3’ 
ompP2  HpompP2-6  5’- AAC GAG CCG AAT TGG AAA CCA ACG -3’  
 
ompP5  HpompP5-1  5’- AAA AAA TCT TTA ATT GCA TT -3’ 
ompP5  HpompP5-2  5’- CAT AGA AAC TTC TTT TGA AC -3’   
 
ompP5  HpompP5-3  5’- AAA TTT CAG CCT CGA CAC GGC TTC -3’ 
ompP5  HpompP5-4  5’- AGC GCT AGT TGC ATA ACG AGC ATC -3’  
ompP5  HpompP5-8  5’- AAA GAT GGG CCT CAA CCT ACA GGA -3’ 
ompP5  HpompP5-9  5’- AGG TTA CGG TGA AGC TAA CCC AGT -3’  
 
16S*  Hpar16S-for1  5′- CGA CGA TCT CTA GCT GGT CTG A -3′  
16S*  Hpar16S-rev  5′- AGG AGT CTG GAC CGT GTC TCA -3′ 
 
ompP2* HparP2-for  5′- TCG TTT CGG TAT TTC TAT CAA ACA TAA -3′ 
ompP2* HparP2-rev  5′- GAG TCT CAT AAC GAC CAA AAC CGT A -3′  
 
ompP5* HparP5-for  5′- CGG TTA CAC AGA CCG TAT TGG TAA -3′ 
ompP5* HparP5-rev  5′- TTT CTG CAC GTT TTT GTG AAA GA -3′  
 
* used for RT-PCR  
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CHAPTER 5: HAEMOPHILUS PARASUIS EXHIBITS IgA PROTEASE ACTIVITY 
IN THE ABSENCE OF RECOGNIZABLE IgA PROTEASE GENES 
 
A paper to be submitted to Veterinary Microbiology 
 
Michael A. Mullins1, Karen B. Register1 and  John E. Butler2 
 
Abstract 
Haemophilus parasuis, the bacterium responsible for Glässer’s disease, is a pathogen 
of significant concern in modern high-health swine production systems.  In some species of 
Pasteurellaceae, IgA proteases aid in defeating the host immune response and facilitating 
disease.  While the virulence factors of many pathogenic bacteria have been well 
characterized, little is known regarding the molecular mechanisms of H. parasuis infection.  
To better understand the mechanisms of Glässer’s disease in swine, we attempted to detect, 
compare, and analyze the activity of IgA proteases in H. parasuis.  Using primers specific for 
the IgA1 protease gene of Haemophilus influenzae, iga1, PCRs were positive for H. 
influenzae and negative for six H. parasuis strains tested.  DIG-labeled probes derived from 
iga1 failed to detect a homolog in H. parasuis using either DNA dot blots or Southern blots.  
A second IgA1 protease gene, igaB, present in approximately one-third of H. influenzae 
strains, was also not detected in H. parasuis.  Neither gene could be identified in the genome 
of a recently sequenced strain of H. parasuis.  Western blotting, however, clearly 
                                                 
1Respiratory Diseases of Livestock Research Unit, USDA/Agricultural Research Service/National Animal 
Disease Center, P.O. Box 70, Ames, IA 50010 
2University of Iowa Department of Microbiology, 51 Newton Road, 3-550 Bowen Science Building, Iowa City, 
IA 52242  
78 
 
demonstrated specific cleavage of swine IgA in culture supernatants of some strains of H. 
parasuis. 
Introduction 
Haemophilus parasuis is the causative agent of Glässer’s disease in swine (18).  The 
numerous acute and chronic clinical signs of Glässer’s disease include polyserositis, 
meningitis, arthritis and lameness, and death (13, 17).  H. parasuis may additionally cause 
pneumonia in the absence of systemic disease (12) but is also often carried in the nasal 
passages of seemingly healthy pigs (3, 7).  It is not uncommon for a single herd to be 
colonized with several different strains, and isolates recovered from systemic sites tend to be 
distinct from those recovered from the lung or nasal cavity (19, 21).  The disease is of special 
concern in high-health swine production systems, where peracute outbreaks may occur and 
lead to rapid mortality in high numbers (17, 22). 
For many pathogens, entry into the host begins with adherence to and colonization of 
a mucosal surface (26).  Immunoglobulin A (IgA) plays a key role in the defense of host 
mucosa (4).  IgA is produced as a monomer in the bloodstream and as a dimer on mucosal 
surfaces.  In the mucin layer, dimeric IgA is responsible for binding microbes, trapping them 
in mucus and keeping them from reaching the mucosal cell surface (8).  IgA does not activate 
complement, but binding to pathogen surfaces blocks bacterial surface molecules from 
interacting with the host (26).  In pigs, two allotypes of IgA have been reported, IgAa and 
IgAb (2).  The two allotypes are differentiated by the length of the hinge region, with the 
IgAb allotype exhibiting a shorter hinge due to a splice-site mutation.  Differences in the 
distribution of the two alloytpes have been shown to be breed-dependent, and pigs 
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homozygous for IgAb appear to be at no selective disadvantage versus heterozygous animals 
(16). 
IgA proteases play an important role in defeating the host immune response in many 
members of the family Pasteurellaceae, including Neisseria meningitidis and Haemophilus 
influenzae (32).  While these organisms have been well-studied and complete genome 
sequences of several different strains are available, little is known about the biology of H. 
parasuis infection (18) and a genome sequence has only recently been released (33).  
Previous research reported evidence of an IgA protease in H. parasuis (10), but those results 
are not convincing and were subsequently refuted in a later report (15). 
To address these conflicting results and to better understand the pathogenesis of H. 
parasuis disease in swine, we examined several strains for the presence of IgA protease 
genes orthologous to those known to exist in related species.  We also evaluated H. parasuis 
culture supernatants for IgA protease activity. 
Materials and Methods 
Bacterial strains and genomic DNA.  Bacterial strains used in this study are listed in 
Table 1.  H. influenzae and H. parasuis were cultivated on Casman Agar Base (BBL), 
supplemented with 1% (w/v) NAD (Sigma) and 5% GIBCO filtered horse serum 
(Invitrogen), at 37°C for 48 hr.  Strains evaluated for IgA protease activity were grown in 
BHI liquid medium supplemented with 10 µg/mL NAD and 10 µg/mL hemin (27) at 37°C.  
Genomic DNA was purified using a commercially available kit (Promega) and quantified by 
UV spectrophotometry. 
PCR and sequencing.  The H. influenzae iga1 protease genes available in GenBank 
(accession numbers M87489-M87492, CAB56789, and NC_000907) were retrieved and 
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aligned using the Vector NTI Advance 10 program AlignX (Invitrogen).  This alignment was 
used to design PCR primers (Integrated DNA Technologies) that amplify the entire gene-
coding sequence in seven 800-1000 bp overlapping fragments.  Regions with a high 
percentage of sequence identity were selected for primer sites to maximize the likelihood of 
amplification from a wide variety of H. parasuis isolates. 
The igaBscreen primer set previously reported by Fernaays et al. (5) was used for 
amplification of the igaB gene.  In the course of our investigation we discovered the 
oligonucleotide designated in that report as igaBscreen-5’ is a reverse primer and igaBscreen-
3’ is a forward primer.   To avoid confusion, we renamed these primers igaB-1 (forward) and 
igaB-2 (reverse).  The sequences of all primers used in this report and the predicted amplicon 
sizes based on the sequence of H. influenzae are listed in Table 2. 
PCR was carried out using a PTC-200 thermocycler (MJ Research) and the following 
cycling conditions: 95°C for 5 min, 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 
min, and a final elongation of 72°C for 7 min.  Reactions contained 1.5 mM MgCl2.  A 
previously described 16S rRNA-specific PCR (25) was carried out with all templates as a 
positive control. 
 Amplicons from successful reactions were purified using spin columns (Qiagen) and 
sequenced directly by fluorescence-based cycle sequencing with AmpliTaq and BigDye 
Terminators on an ABI 377 sequencer at the National Animal Disease Center Genomics 
Unit.  Sequences were edited and aligned using the Vector NTI Advance 10 program Contig 
Express (Invitrogen). 
DIG-Labeled Probes.  Two iga1-specific DIG-labeled DNA probes were constructed 
with a PCR DIG probe synthesis kit (Roche) according to the manufacturer’s 
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recommendations using H. influenzae RD KW20 DNA as the template.  The first, consisting 
of a 448 bp highly conserved segment of the active protease region (20), was obtained using 
primers IgA1-1 and IgA1-2 (Table 2).  The second, designed to cover the entire 5.2-kb iga1 
gene, was synthesized using primers IgA1-3 and IgA1-14.  Due to the large amplicon size, 
Expand Long Range enzyme mix (Roche) was used in place of the Expand High Fidelity 
enzyme provided with the labeling kit, the dNTP mix was diluted to achieve a ratio of 1:6 
DIG-dUTP:dTTP in the final reaction mixture, and the elongation step of each cycle was 
lengthened as recommended by the manufacturer. 
A 1650-bp probe specific for igaB, an additional IgA1 protease gene found in some 
strains of H. influenzae, was also constructed using the methods described above.  Primers 
igaBscreen-5’ and igaBscreen-3’ were used to amplify the target from genomic DNA of H. 
influenzae strain 11P6H. 
Membrane hybridization.  For dot blots, 1 µg of genomic DNA from the strains of H. 
influenzae and H. parasuis indicated was spotted on a positively-charged nylon membrane 
(Roche) and fixed by UV cross-linking with a UV Stratalinker (Stratagene), as recommended 
by the manufacturer. 
DNA from the strains of H. influenzae or H. parasuis indicated was digested with the 
restriction endonuclease PvuII (Invitrogen), whose recognition site is not found within any 
known H. influenzae iga1 or igaB sequence.  Southern blots were prepared and used for high 
stringency hybridizations as reported previously (24).  Where indicated, the stringency of 
hybridization was decreased by eliminating formamide from the prehybridization and 
hybridization solutions, lowering the temperature of the final wash from 37°C to 23°C, and 
increasing the salt concentration of the final wash by using 1X SSC in place of 0.5X SSC.  
82 
 
Detection with anti-DIG-alkaline phosphatase and CSPD (Roche) was carried out according 
to the manufacturer’s protocol.  To visualize hybridization, X-ray film (Kodak) was exposed 
to the membrane for 5-40 min and then developed. 
IgA Protease Assay.  IgA protease assays were adapted from the general guidelines 
of published protocols (5).  Strains of H. influenzae and H. parasuis were grown on Casman 
agar plates at 37°C and 5% CO2 for 48 hours.  Two colonies from each plate were picked 
into 5 mL of supplemented BHI liquid medium in a 25 mL Corning tissue culture flask and 
grown at 37°C and 185 rpm to an optical density (OD) of 1.0.  Bacterial protein production 
was arrested by the addition of 30 µg/mL chloramphenicol followed by centrifugation at 
1200 x g for 10 min to pellet cells.  The supernatants were removed and cells discarded.  
Negative (medium-only) controls were incubated and processed simultaneously. 
 Separate aliquots of culture supernatants from each strain tested were incubated for 
18 hr at 37°C and 185 rpm with 20 µg/mL of either swine IgAa, swine IgAb, or human IgA 
(AccuSpec) in a final volume of 100 µl.  Negative controls, consisting of either sterile 
medium or 20 µg/mL IgA in either sterile medium or PBS, were incubated under identical 
conditions. 
 Following overnight incubation, samples were mixed with an equal volume of 
Laemmli sample buffer (BioRad), boiled for 5 min and then chilled on ice.  15 µl aliquots 
were electrophoresed on 4-15% SDS-PAGE gradient gels (BioRad) and transferred to 
nitrocellulose membranes.  Membranes were blocked with 5% Blotto in Tris-buffered saline 
with 0.05% Tween-20 (TBST) at room temperature for 1 hr, rinsed briefly in TBST, and 
incubated with a 1:1000 dilution of either anti-human or anti-swine IgA-HRP (AbD Serotec).  
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Antibody solutions were removed and membranes were washed three times with Western 
wash buffer (23).  Detection was performed using a chemiluminescent substrate kit (Pierce). 
 To ensure the repeatability of Western findings, the entire IgA protease assay was 
performed at least twice using independently obtained culture supernatants for each strain 
tested. 
Results 
iga1.  An amplicon of the predicted size (448 bp), comprising a conserved segment of 
the active protease region of the iga1 gene (24), was obtained in PCRs with primers IgA-1 
and IgA-2 (Table 2) for all H. influenzae strains tested.  No amplicons were detected from 
any of the six H. parasuis strains included in this study (data not shown). 
In order to determine whether other portions of the iga1 gene might be present in H. 
parasuis, we next attempted to amplify sequential, overlapping segments covering the entire 
iga1 gene using the sets of PCR primer pairs listed in Table 2.  Amplicons of the size 
predicted were apparent for all reactions with the H. influenzae positive control strain Rd 
KW20 (Fig. 1A).  With the exception of occasional, faintly detectable bands, no PCR 
products were evident in reactions with any H. parasuis strain (representative results shown 
in Fig. 1B and 1C).  All H. influenzae and H. parasuis strains tested above were PCR 
positive with the universal 16S positive control primer set (data not shown). 
Amplicons from all PCRs with detectable products were sequenced for comparison 
with the iga1 sequence of H. influenzae, strain Rd KW20 (Genbank Accession Number 
NC_000907).  All amplicons from strain RD KW20 were identical to the published 
sequence.  Despite repeated attempts, no readable sequence could be obtained from any of 
the faintly detectable products seen in some PCRs using H. parasuis DNA, indicating that 
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they represent false positives arising from spurious amplification unrelated to an iga1 
homolog. 
For initial membrane-based screening, a dot blot containing genomic DNA from H. 
influenzae strain RD KW20, H. influenzae type strain ATCC 33391, and the six H. parasuis 
strains listed in Table 1 was hybridized with the 448 bp probe derived from the iga1 active 
protease region.  A hybridization signal was observed from only the H. influenzae DNAs 
(Fig. 2). 
The eight strains tested above were further evaluated by Southern blotting using 
genomic DNA digested with PvuII, for which no recognition sites are present in any 
available H. influenzae iga1 gene sequence.  Low-stringency hybridization with the 5234 bp 
full-length iga1 probe revealed a single band of approximately 12 kb for each of the two H. 
influenzae strains included  (Fig. 3A).  Significant, diffuse background hybridization was 
also observed for all strains of both H. influenzae and H. parasuis.  When the membrane was 
stripped and rehybridized to the probe under standard, high-stringency conditions, 
background signals were eliminated and only the intense bands previously seen for each H. 
influenzae strain remained (Fig. 3B).  Thus, no homologs of the H. influenzae iga1 gene 
could be identified in any strain of H. parasuis evaluated. 
igaB.  Approximately one third of H. influenzae strains possess a second IgA1 
protease gene, igaB (5).  PCR with the primers IgaB-1 / IgaB-2 was used to screen for a 
potential homolog in H. parasuis.  H. influenzae strain 11P6H, which is known to have the 
gene (5), was selected as a positive control and was the only H. influenzae strain of three 
tested that was positive for igaB, yielding a single band of ~1600 bp (results not shown).  
PCR was negative for all H. parasuis strains. 
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PCR results were confirmed on a Southern blot using restriction endonuclease 
digested DNA from all the strains tested above.  Under low-stringency hybridization 
conditions with the igaB-specific probe (Figure 4A), H. influenzae strains RD KW20 and 
ATCC 33391 each showed a single band of moderate intensity while four fragments of 
moderate to strong intensity were observed for the igaB-positive strain 11P6H.  However, 
only a single band for 11P6H remained when the membrane was stripped and rehybridized to 
the probe under standard, highly stringent conditions (Figure 4B).  These results indicate no 
igaB homolog is present in the H. parasuis strains tested. 
IgA Protease Assay.  Supernatants incubated overnight with different IgA molecules 
produced clear and repeatable results when run on Western blot gels.  For all three types of 
IgA molecules tested, intact IgA was detected at ~60 kD.  PBS + IgA and sBHI + IgA 
positive control lanes (Fig. 5A-C, lanes 10-11) appeared identical for each IgA molecule and 
were taken to represent the native IgA migration pattern.  Nothing was detected with either 
anti-IgA antibody in our negative (sBHI-only) control lanes (Figure 5A-C, lane 12). 
For swine IgAa (Fig. 5A), cleavage of the molecule was detected in three of the five 
H. parasuis strains (lanes 3-5), demonstrated by a decrease in intensity of the IgA heavy 
chain and subsequent appearance of smaller-sized bands at ~45 and ~12 kD.  An additional 
doublet at ~35 kD present in all lanes (except the media-only negative control lane) was 
more intense in all H. parasuis lanes (2-6) relative to H. influenzae lanes (7-9) and controls 
(10-11).  For the short-hinged swine IgAb variant (Fig. 5B), cleavage of IgA was detected in 
the same three strains (lanes 3-5), demonstrated by a decrease in intensity of the IgA heavy 
chain and subsequent appearance of a smaller band at ~45 kD. 
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No H. influenzae strain cleaved either swine IgA allotype.  When incubated with 
human IgA, however, cleavage was detected for all three H. influenzae strains, demonstrated 
by a complete loss of the ~60 kD band (Fig. 5C, lanes 7-9).  Although all three strains 
appeared to cleave human IgA, the pattern of cleavage was different for strain 11P6H (lane 
9) than for strains Rd KW20 and ATCC 33391 (lanes 7-8): for the former, a single band was 
detected at ~32 kD; for the latter two, doublets at ~30 and ~34 kD were instead seen.  One 
band was present in all lanes at ~ 28 kD (except the media-only negative control lane). 
Discussion 
We determined that multiple strains of H. parasuis do not possess a recognizable IgA 
protease gene.  Nonetheless, when culture supernatants of some H. parasuis strains were 
incubated overnight with swine IgA molecules, specific cleavage of swine IgA could 
consistently be demonstrated.  While we have yet to uncover the gene or genes responsible 
for this activity, we were not surprised to find that H. parasuis can cleave IgA.  Considering 
what is already known about the pathogenesis of this organism (that H. parasuis infection 
initiates with colonization of mucosal surfaces, that some strains remain in the nose while 
others spread systematically, etc.) a disruption of mucosal immunoglobulins seems a likely 
mechanism for the progression to systemic disease, as has been described in related 
organisms (5, 32).  Indeed, it would have been more surprising had we not found any 
evidence of IgA cleavage in this species. 
A complete, annotated genome sequence for H. parasuis is now available (GenBank 
Accession # NC_011852), as are an increasing number of draft genomes.  Searches of the 
completed genome and from the H. parasuis strain 29755 draft genome (GenBank Accession 
# NZ_ABKM00000000) seem to support our findings regarding the lack of an IgA protease 
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gene with significant similarity to known IgA proteases from H. influenzae and other 
Pasteurellaceae.  We ran deep protein BLAST searches on the above genomes using known 
sequences for H. influenzae iga1 and igaB genes and failed to uncover any likely candidates.  
Additionally, we ran BLAST for all ORFs in the H. parasuis 29755 draft against the NCBI 
non-redundant database and pulled out any hits with the terms “IgA” or “protease” in the 
output files.  These ORFs were then aligned against known IgA proteases and compared.  
Nothing indicative of a orthologous sequence was identified. 
None of genomes of the three H. parasuis strains that exhibited IgA protease activity 
have been sequenced, but all were PCR-negative for H. influenzae-like IgA protease genes.  
Using the genome sequence alignment and gap closure tool Projector 2 (31), we have 
observed that different Pasteurellaceae exhibit high genetic dissimilarity from one another 
(9).  Even within the genus Haemophilus, the genomes available in GenBank (H. influenzae, 
H. ducreyi, and H. somnus) vary greatly among species.  Therefore, it is perhaps not 
surprising that H. parasuis lacks a recognizable IgA protease. 
None of the above rules out the possibility of an IgA protease gene analog, the 
outcome of a convergent evolution event resulting in something similar in function but 
unrelated in sequence to known IgA proteases.  Although our BLAST searches above failed 
to identify a gene orthologous to known IgA proteases, a number of putative protease genes 
have been identified in both the draft and completed genomes.  Further investigations 
targeting these genes through RNAi or site-directed mutagenesis may identify the responsible 
gene.  Alternatively, if the gene was not identified in the BLAST results, creating a mutant 
library and looking for loss of protease function among the mutants may yield informative 
results. 
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Cleavage of IgA was not observed equally across all H. parasuis strains.  It may be 
the case that not all strains have the ability to cleave IgA, or alternatively, the conditions used 
in the experiment may not have been optimal for cleavage to occur in all strains.  In this 
study, we standardized growth conditions across strains so as to eliminate sources of 
variation in the results.  However, H. parasuis strain MN-H consistently grew at a slower rate 
under the conditions of the experiment.  Growth conditions may not have been optimal for 
this strain and this could have had an effect on IgA cleavage activity. 
Although the virulence of the strains tested in this experiment is thought to differ, no 
correlation between virulence and IgA cleavage was observed.  For many strains in our 
collection, however, only incomplete or anecdotal information in regards to virulence exists.  
Furthermore, strains listed as virulent may not consistently reproduce disease in a given 
experiment, especially when pigs from conventional sources, where most herds have already 
been exposed to H. parasuis and therefore have a degree of protective immunity which 
prevents development of systemic disease, are used (14, personal observation).  Additionally, 
the number of strains tested in this study was small, so no broad conclusion can be drawn 
based on these results alone.  Testing more strains will add to our knowledge about the 
prevalence of IgA protease activity in H. parasuis. 
Because of previous research showing that amino acid variation exists in the hinge 
regions of swine IgA allotypes (1-2, 16), we hypothesized that a difference in cleavability 
between swine IgAa and IgAb might be observed.  It appears that this hypothesis was 
disproven, as cleavage was observed for both alloytpes in strains that exhibited cleavage 
activity.  If what we have observed is indeed indicative of protease activity, it appears that 
the possession in a given pig of either allotype makes no difference in terms of protection 
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from the protease.  This would be consistent with related findings which showed that 
distribution of allotype was a simple breed-dependent marker with no selective advantage 
(16).  If one allotype offered a selective advantage over the other in terms of ability to avoid 
digestion, then it might well be selected for over time. 
Our results with human IgA cleavage support previous findings.  H. influenzae strain 
11P6H, which possesses the igaB protease gene (5), exhibited a different digestion pattern on 
Western blots than the two other strains of H. influenzae we tested (Fig. 5C, 7-9).    These 
two strains, RD KW20 and 33391, were also PCR negative for igaB, but some hybridization 
to the DIG-labelled igaB probe was observed under low-stringency conditions (Fig. 4A).  
This effect was eliminated when the same membrane was rehybridized under standard high-
stringency conditions, indicating that these bands were unlikely to represent an actual igaB 
gene.  Furthermore, comparing the sizes of the bands seen in Fig. 4A to those in Fig. 3, it 
appears that this low-stringency hybridization may simply reflect the homology that exists 
between the iga1 and igaB genes.  Alternatively, it could indicate the presence of a truncated, 
non-functional, or otherwise altered copy of igaB in PCR-negative strains.  Evidence of a 
silent copy of igaB has not been reported and was not found in an examination of published 
H. influenzae genome RD KW20. 
In our Western blots, one or two bands not associated with whole IgA were present in 
all lanes including the positive controls (~35 kD doublet in Figure 5A and the single band at 
~28 kD in Fig. 5C).  The significance of these bands is unknown.  They may simply be 
indicative of some level of natural degradation of the IgA molecules used or may be an 
artifact of the SDS-PAGE process.  Future efforts to isolate and sequence these bands will 
allow their positive identification.  Nonetheless, because they appeared in the positive control 
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lanes, we conclude that they are essentially background and not themselves indicative of IgA 
cleavage by H. parasuis.  That the doublet was repeatedly darker only in H. parasuis lanes in 
Fig. 5A may indicate, however, that in addition to some spontaneous degradation of the 
molecule, H. parasuis may have an active role in the generation of these fragments. 
We were unable to detect either an active or inactive gene with homology to the 
iga1or igaB genes in H. parasuis by PCR or hybridization probes.  However, H. parasuis 
nonetheless demonstrated the ability to cleave swine IgA molecules.  The gene or genes 
responsible for this activity have yet to be determined and will be the focus of future efforts.  
Discovering these important factors and determining their role in pathogenesis represents a 
crucial step in our understanding of H. parasuis disease and will serve to guide future 
treatment and prevention efforts. 
Authors' contributions 
MM carried out the laboratory experiments, assisted in the planning of the study, and 
wrote the manuscript.  KR oversaw the study design and edited the manuscript.  JB assisted 
in the planning of the study and provided the swine IgA molecules.  All authors read and 
approved the final manuscript. 
Acknowledgements 
We would like to thank Dr. Timothy Murphy for providing H. influenzae strain 
11P6H .  We thank Dr. Susan Brockmeier for providing H. parasuis strains NADC1 and 
NADC2.  Kim Driftmier provided excellent technical support in preparing growth media. 
91 
 
References 
1. Brown, W. R., and J. E. Butler. 1994. Characterization of a C alpha gene of swine. 
Mol Immunol 31:633-42. 
2. Brown, W. R., I. Kacskovics, B. A. Amendt, N. B. Blackmore, M. Rothschild, R. 
Shinde, and J. E. Butler. 1995. The hinge deletion allelic variant of porcine IgA 
results from a mutation at the splice acceptor site in the first C alpha intron. J 
Immunol 154:3836-42. 
3. Cerda-Cuellar, M., and V. Aragon. 2008. Serum-resistance in Haemophilus 
parasuis is associated with systemic disease in swine. Vet J 175:384-9. 
4. Chintalacharuvu, K. R., P. D. Chuang, A. Dragoman, C. Z. Fernandez, J. Qiu, 
A. G. Plaut, K. R. Trinh, F. A. Gala, and S. L. Morrison. 2003. Cleavage of the 
human immunoglobulin A1 (IgA1) hinge region by IgA1 proteases requires structures 
in the Fc region of IgA. Infect Immun 71:2563-70. 
5. Fernaays, M. M., A. J. Lesse, X. Cai, and T. F. Murphy. 2006. Characterization of 
igaB, a second immunoglobulin A1 protease gene in nontypeable Haemophilus 
influenzae. Infect Immun 74:5860-70. 
6. Fleischmann, R. D., M. D. Adams, O. White, R. A. Clayton, E. F. Kirkness, A. R. 
Kerlavage, C. J. Bult, J. F. Tomb, B. A. Dougherty, J. M. Merrick, and et al. 
1995. Whole-genome random sequencing and assembly of Haemophilus influenzae 
Rd. Science 269:496-512. 
7. Harris, D. L., R. F. Ross, and W. P. Switzer. 1969. Incidence of certain 
microorganisms in nasal cavities of swine in Iowa. Am J Vet Res 30:1621-4. 
8. Janeway, C. A., P. Travers, M. Walport, and M. Shlomchick. 2005. 
Immunobiology. Garland Science Publishing, New York. 
9. Kilian, M. 2005. Genus III. Haemophilus, p. 883-904. In G. M. Garrity, D. J. 
Brenner, N. R. Krieg, and J. T. Staley (ed.), Bergey's Manual of Systematic 
Bacteriology, Volume Two: The Proteobacteria, Parts A - C., vol. Two. Springer - 
Verlag, Baltimore. 
10. Kilian, M., J. Mestecky, and R. E. Schrohenloher. 1979. Pathogenic species of the 
genus Haemophilus and Streptococcus pneumoniae produce immunoglobulin A1 
protease. Infect Immun 26:143-9. 
11. Lewis, P. A., and R. E. Shope. 1931. Swine influenza II. A hemophilic bacillus from 
the respiratory tract of infected swine. J. Exp. Med. 54:361-71. 
12. Little, T. W. 1970. Haemophilus infection in pigs. Vet Rec 87:399-402. 
13. MacInnes, J. I., and R. Desrosiers. 1999. Agents of the "suis-ide diseases" of swine: 
Actinobacillus suis, Haemophilus parasuis, and Streptococcus suis. Can J Vet Res 
63:83-9. 
14. Martin de la Fuente, A. J., C. B. Gutierrez Martin, C. Perez Martinez, M. J. 
Garcia Iglesias, F. Tejerina, and E. F. Rodriguez Ferri. 2009. Effect of different 
vaccine formulations on the development of Glasser's disease induced in pigs by 
experimental Haemophilus parasuis infection. J Comp Pathol 140:169-76. 
92 
 
15. Mulks, M. H., E. R. Moxon, J. Bricker, A. Wright, and A. G. Plaut. 1984. 
Examination of Haemophilus pleuropneumoniae for immunoglobulin A protease 
activity. Infect Immun 45:276-7. 
16. Navarro, P., R. K. Christenson, G. Ekhardt, B. Bosworth, J. K. Lunney, M. 
Rothschild, J. Lemke, and J. E. Butler. 2000. Genetic differences in the frequency 
of the hinge variants of porcine IgA is breed dependent. Vet Immunol Immunopathol 
73:287-95. 
17. Nedbalcova, P. Satran, Z. Jaglic, R. Ondriasova, and Z. Kucerova. 2005. 
Haemophilus parasuis and Glässer's disease in pigs: a review. Veterinarni Medicina 
51:168-79. 
18. Oliveira, S., and C. Pijoan. 2004. Haemophilus parasuis: new trends on diagnosis, 
epidemiology and control. Vet Microbiol 99:1-12. 
19. Olvera, A., M. Cerda-Cuellar, M. Nofrarias, E. Revilla, J. Segales, and V. 
Aragon. 2007. Dynamics of Haemophilus parasuis genotypes in a farm recovered 
from an outbreak of Glasser's disease. Vet Microbiol 123:230-7. 
20. Poulsen, K., J. Reinholdt, and M. Kilian. 1992. A comparative genetic study of 
serologically distinct Haemophilus influenzae type 1 immunoglobulin A1 proteases. J 
Bacteriol 174:2913-21. 
21. Rapp-Gabrielson, V. J., and D. A. Gabrielson. 1992. Prevalence of Haemophilus 
parasuis serovars among isolates from swine. Am J Vet Res 53:659-64. 
22. Rapp-Gabrielson, V. J., G. J. Kocur, and S. K. Muir. 1997. Haemophilus 
parasuis: Immunity in swine after vaccination. Veterinary Medicine:83-90. 
23. Register, K. B., and M. R. Ackermann. 1997. A highly adherent phenotype 
associated with virulent Bvg+-phase swine isolates of Bordetella bronchiseptica 
grown under modulating conditions. Infect Immun 65:5295-300. 
24. Register, K. B., A. Boisvert, and M. R. Ackermann. 1997. Use of ribotyping to 
distinguish Bordetella bronchiseptica isolates. Int J Syst Bacteriol 47.:678-83. 
25. Register, K. B., and A. G. Yersin. 2005. Analytical verification of a PCR assay for 
identification of Bordetella avium. J Clin Microbiol 43:5567-73. 
26. Salyers, A. A., and D. D. Witt. 2002. Bacterial Pathogenesis: A Molecular 
Approach. ASM Press, Washington D.C. 
27. Segada, L. M., G. M. Carlone, L. L. Gheesling, and A. J. Lesse. 2000. 
Characterization of P1-deficient isogenic mutant of Haemophilus influenzae biogroup 
aegyptius associated with Brazilian purpuric fever. Microb Pathog 28:145-55. 
28. Sethi, S., N. Evans, B. J. Grant, and T. F. Murphy. 2002. New strains of bacteria 
and exacerbations of chronic obstructive pulmonary disease. N Engl J Med 347:465-
71. 
29. Skerman, V. B., V. F. McGowan, and P. H. A. Sneath. 1980. Approved lists of 
bacterial names. Int. J. Syst. Bacteriol. 30:225-420. 
30. Solano, G. I., J. Segales, J. E. Collins, T. W. Molitor, and C. Pijoan. 1997. Porcine 
reproductive and respiratory syndrome virus (PRRSv) interaction with Haemophilus 
parasuis. Vet Microbiol 55:247-57. 
93 
 
31. van Hijum, S. A., A. L. Zomer, O. P. Kuipers, and J. Kok. 2005. Projector 2: 
contig mapping for efficient gap-closure of prokaryotic genome sequence assemblies. 
Nucleic Acids Res 33:W560-6. 
32. Vitovski, S., and J. R. Sayers. 2007. Relaxed cleavage specificity of an 
immunoglobulin A1 protease from Neisseria meningitidis. Infect Immun 75:2875-85. 
33. Yue, M., F. Yang, J. Yang, W. Bei, X. Cai, L. Chen, J. Dong, R. Zhou, M. Jin, Q. 
Jin, and H. Chen. 2009. Complete genome sequence of Haemophilus parasuis 
SH0165. J Bacteriol 191:1359-60. 
 
 
Figures 
Figure 1. PCR results with primers specific for iga1.  DNA from (A) H. influenzae strain RD 
KW20, (B) H. parasuis strains 2170B, and (C) H. parasuis strain MN-H, was used in PCRs 
with primers designed to amplify sequential, overlapping fragments of the iga1 gene.  Lanes: 
1) primers IgA1-3/IgA1-4; 2) primers IgA1-5/IgA1-6; 3) primers IgA1-7/IgA1-2; 4) primers 
IgA1-1/IgA1-8; 5) primers IgA1-9/IgA1-10; 6) primers IgA1-11/IgA1-12; 7) primers IgA1-
13/IgA1-14.  H. parasuis strains ATCC 19417, NADC2, NADC1, and 29755 yielded no 
products, similarly to MN-H, and are not shown. 
 
 
A            B       C 
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Figure 2. Dot blot hybridization.  1 µg of genomic DNA hybridized with IgA1-1 / IgA1-2-
DIG probe.  Dots: 1) H. influenzae RD KW20; 2) H. influenzae ATCC 33391; 3) H. parasuis 
ATCC19417; 4) H. parasuis 19851; 5) H. parasuis 2170B; 6) H. parasuis NADC2; 7) H. 
parasuis NADC1; 8) H. parasuis 29755. 
 
 
Figure 3. Southern blot for the iga1 gene.  A. Low-stringency hybridization.  B. High-
stringency hybridization.  Lanes:  1) H. influenzae RD KW20; 2) H. influenzae ATCC 
33391; 3) H. parasuis ATCC 19417; 4) H. parasuis MN-H; 5) H. parasuis 2170B; 6) H. 
parasuis NADC2; 7) H. parasuis NADC1; 8) H. parasuis 29755.  Relative positions of DNA 
size markers are indicated between the two panels.  Five minute exposure times for both 
blots.  
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Figure 4. Southern blot for the igaB gene.  A. Low-stringency hybridization.  B. High-
stringency hybridization.  Lanes:  1) H. influenzae RD KW20; 2) H. influenzae ATCC 
33391; 3) H. parasuis ATCC 19417; 4) H. parasuis MN-H; 5) H. parasuis 2170B; 6) H. 
parasuis NADC2; 7) H. parasuis NADC1; 8) H. parasuis 29755; 9) H. influenzae 11P6H.  
Relative positions of DNA size markers are indicated between the two panels.  Fifteen min 
exposure time for the low-stringency blot; 5 min exposure for high-stringency blot. 
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Figure 5. IgA protease assay.  Digestion of swine IgAa (A), swine IgAb (B) or human IgA (C) 
following incubation with culture supernatants of the H. influenzae or H. parasuis strains 
indicated as detected on Western blots.  Lanes:  1) Marker lane; 2) H. parasuis ATCC 19417; 
3) H. parasuis 2170B; 4) H. parasuis NADC1; 5) H. parasuis 29755; 6) H. parasuis MN-H; 
7) H. influenzae Rd KW20; 8) H. influenzae ATCC 33391; 9) H. influenzae 11P6H; 10) IgA 
in PBS; 11) IgA in sBHI; 12) sBHI only.  The position of molecular mass markers are 
indicated to the left of each panel. 
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Tables 
Table 1. H. influenzae and H. parasuis strains used in this study 
Species Strain  Source  Reference Notes     
H. influenzae Rd KW20 ATCC   (6)  ATCC 51907; iga1 positive 
“  ATCC 33391 ATCC   (29)  ATCC type strain; iga1 positive 
 “  11P6H  TF Murphy (28)  iga1 and igaB positive 
 
H. parasuis ATCC 19417 ATCC  (11)  ATCC type strain 
 “  MN-H  J. Torrison [this report] hyper-virulent field strain 
 “  2170B  R. Ross  [this report] moderately virulent (pneumonia)   
 “  NADC1  S. Brockmeier [this report] field isolate  
 “  NADC2  S. Brockmeier [this report] field isolate  
 “  29755  R. Ross  (30)  Glässer’s disease isolate 
 
 
Table 2. PCR primers used in this study 
Primers for IgA1 protease gene amplification: 
Primer Name  Sequence      Amplicon Size 
IgA1-3   ACT TGT AAC CGT ATA TCA AAT TGT GTC C  
IgA1-4   GGG GAG CCA CTG TCG CCT AA   943 
 
IgA1-5   ACC TAT GGT ATT GCA GGC ACA CCT 
IgA1-6   AGT ACA ACA GTT GAG CGA CCA C   806 
 
IgA1-7   GTG GGC GAT GGT ACT GTT ATC TTA 
IgA1-2   GCC CGT ATA GTC AGA ACG TAC ACA  978 
  
IgA1-1   CAA CAA CGA GCG TAT GAA TGG C 
IgA1-8   CTG GGT TAT ACA AAT CGT AAC GTC C  1019 
 
IgA1-9   GTT GTA ACT AAA TCC GCC ACA GGT 
IgA1-10  TCC CTG TTT CGG AGA CGC TTG AGA  960 
 
IgA1-11  CCT CAA GTG GCT TCT CAA GCG TCT C 
IgA1-12  GCG AAC ATA AGT AAA CAC GCC ACC  807 
  
IgA1-13  TTG CGC GAT CTC ACA AGT ACA AAC AC 
IgA1-14  CCT GTA AGA CAC AGG GCT TTG TTG  933 
 
IgA-11   CCT CAA GTG GCT TCT CAA GCG TCT C 
IgA-14   CCT GTA AGA CAC AGG GCT TTG TTG  1450 
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Table 2. PCR primers used in this study (continued) 
Primers for PCR-DIG probe construction: 
Primer Name  Sequence      Amplicon Size 
IgA1-1   CAA CAA CGA GCG TAT GAA TGG C 
IgA1-2   GCC CGT ATA GTC AGA ACG TAC ACA  448 
 
IgA1-3   ACT TGT AAC CGT ATA TCA AAT TGT GTC C 
IgA-14   CCT GTA AGA CAC AGG GCT TTG TTG  5234 
 
igaBscreen-5’  TGC CCG TTA CCG GAT AAA TG 
igaBscreen-3’  AAC CAC GGG CAC AAA CAG CC   1650 
 
 
Notes:  
Primer pair IgA1-11/12 yielded a doublet in some reactions and was supplemented by primer pair IgA1-11/14 
for sequencing.  Primer pair IgA1-1/2 amplifies a highly conserved area at the 5’ end of the functional portion 
of the protease gene and was used to create the 448bp DIG-labelled probe in this paper.  Primer pair IgA1-3/14 
amplifies the entire IgA1 protease gene and was used to create the full-length DIG labelled probe.  IgaBscreen 
primers (5) were used to generate the igaB probe. 
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CHAPTER 6: ESTABLISHMENT OF A MULTI-LOCUS SEQUENCE TYPING 
(MLST) DATABASE FOR HAEMOPHILUS PARASUIS 
 
A paper to be submitted to the Journal of Clinical Microbiology 
 
Michael A Mullins1, Karen B Register1, Darrell O. Bayles2, Keith A. Jolley3,  
and Virginia Aragon4 
 
Abstract 
A multi-locus sequence typing (MLST) database was established for Haemophilus 
parasuis using an enhanced typing scheme and a collection of 35 genetically and 
geographically diverse strains.  All strains were typeable using the system and yielded 32 
unique sequence types.  Results for the enhanced typing scheme are similar to those obtained 
from the originally proposed system, indicating that no significant loss of discriminatory 
power resulted from the enhancements, which included standardizing PCR conditions and 
changing target primer sequences based on now-available genomic sequence information and 
alignments of extant MLST sequences.  In the concatenated sequences of the seven target 
housekeeping genes, the total number of variable nucleotide sites was 240/3154 (7.61%).  
                                                 
1Respiratory Diseases of Livestock Research Unit, USDA/Agricultural Research Service/National Animal 
Disease Center, P.O. Box 70, Ames, IA 50010 
2Bacterial Diseases of Livestock Research Unit, USDA/Agricultural Research Service/National Animal Disease 
Center, P.O. Box 70, Ames, IA 50010 
3The Peter Medwar Building for Pathogen Research and Department of Zoology, University of Oxford, South 
Parks Road, Oxford, UK 
4Centre de Recerca en Sanitat Animal, Campus de Bellaterra-Universitat Autònoma de Barcelona, 08193-
Bellaterra, Barcelona, Spain. 
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Neighbor-joining trees for both the original and enhanced systems were built and a nearly 
identical distribution of strains into phylogenetic clusters was observed.  Sequence data were 
used to populate a publicly available online database.  This enhanced typing system 
simplifies data acquisition, and the establishment of a database provides a location to which 
future sequences can be submitted.  This will aid in the dissemination and comparison of 
typing data among researchers. 
Introduction 
Haemophilus parasuis is a serious and economically important swine pathogen.  It is 
the cause of Glässer’s disease, which is characterized by polyserositis, polyarthritis and 
meningitis resulting in high mortality and prolonged reduction in herd growth rates (20).  
Infection with H. parasuis may also cause pneumonia in the absence of systemic disease (10) 
and may be carried intranasally in apparently healthy pigs (3).  It is not uncommon for a 
single herd to be colonized with several different strains and isolates recovered from 
systemic sites tend to be distinct from those recovered from the lung or nasal cavity (17, 19).  
H. parasuis infection and disease are important issues for the swine industry, especially as 
many operations have moved towards high-health, specific-pathogen-free herds where 
infection results in more serious disease (11, 20). 
Classification of bacterial strains can provide researchers with a wealth of valuable 
epidemiological information (5, 9), which in turn can be used in many practical applications, 
including the documenting and tracking of outbreaks (17) and identification of pathogenic 
strains.  For H. parasuis, numerous classification methodologies using phenotypic 
characteristics have been employed (1, 15, 21).  Serotyping systems, which classify strains 
on the basis of bacterial surface antigens, have been developed by a number of laboratories 
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(13, 23).  From these, a unified typing system in which fifteen H. parasuis serotypes were 
characterized based on the immunodiffusion of heat-stable antigen extracts (7) of the cell 
capsule polysaccharide (8) was established. 
Serotyping using this system has provided significant useful information to 
researchers, producers, and veterinarians.  Vaccination using bacterins of a given serotype 
has been shown to provide protection against subsequent homologous challenge, but cross-
protection among serotypes is not generally observed (24).  The virulence of different 
serotypes has been ascertained (7), so serotyping a strain from a herd may provide some 
indication of pathogenic potential.  However, the correlation between serotype and disease is 
not perfect (17), and the traits associated with a given serotype that result in the progression 
of infection from nasal carriage to systemic disease or pneumonia are unknown.  
Furthermore, approximately one quarter of H. parasuis strains do not produce a capsule or 
are otherwise non-reactive to the available antisera and are therefore non-typeable (7-8, 18). 
Typing methods using DNA sequence are frequently regarded as having distinct 
advantages over phenotypic methods (9).  While phenotypic typing systems may require the 
availability of highly specialized equipment or reagents (12, 18), many sequence-based 
methods use techniques that all basic laboratories can easily replicate.  Typing with sequence 
also eliminates subjectivity: while the position of bands on a gel relative to each other and to 
markers may vary according to factors such as electrophoresis time, gel composition, 
voltage, and laboratory, an adenine nucleotide base will always be sequenced as an “A”, etc.  
Furthermore, sequence information can be rapidly dispersed among interested researchers 
using internet-hosted databases. 
102 
 
Multi-locus sequence typing (MLST) is a molecular typing method designed to be a 
“portable, universal, and definitive method for characterizing bacteria” (12).  MLST uses 
PCR-amplified DNA segments from 6-10 housekeeping genes and utilizes relatively short 
PCR targets to ensure that they can be easily sequenced with a single primer in each 
direction.  The result is a rapid, reproducible, reliable, and inexpensive way to characterize 
bacterial strains (2).  MLST is capable of easily characterizing an unlimited number of types, 
whereas with serotyping, strains can only be tested against the antisera that have already been 
developed.  MLST data can be handled electronically, with no additional burden to analysis, 
whereas with phenotypic methods each new type increases the number of types against 
which new isolates must be tested or compared to on gels, plates, or membranes.  
Additionally, with a well-designed MLST system there are no problems with untypeable 
strains. 
A report describing an MLST typing procedure for H. parasuis has been published 
(16) and utilized in a field study (17).  However, this system was established prior to the 
completion of the first published H. parasuis genome (27), contrary to the general 
recommendations and guidelines for MLST databases (12).  Lacking genome data, primers 
selected for this report were originally developed for the amplification of housekeeping gene 
fragments from related species.  Amplification of all seven targets requires four different 
concentrations of primer and magnesium chloride, which is cumbersome and inconvenient.  
MLST sequences obtained using that system include bases in the primer binding regions, 
resulting in miscalls at the 5’ and 3’ ends of some targets (14).  Also, some distal regions of 
sequence are represented by data from only a single strand without confirmatory sequencing 
of the opposite strand. 
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A more recent report (14) attempted to compensate for these deficiencies by using the 
same primers but excluding from the sequence used for typing all bases in the primer binding 
regions and those that could not be confirmed with sequence from both strands.  This 
corrected for some, but not all, of the aforementioned deficiencies.  To correct for the rest, 
we describe in this paper a further enhanced, simplified, and unified MLST system for the 
characterization of H. parasuis isolates.  Using this system, we have established and 
populated a curated database at http://pubmlst.org/ where current types may be viewed by the 
public and to which new sequences may be sent for inclusion and rapid public dissemination. 
Methods 
MLST amplification methods have been described previously (14, 16).  For the 
establishment of the H. parasuis database, sequences for each gene target from previous 
studies with MLST data (14, 16-17) were aligned using the Vector NTI Advance 10 program 
AlignX (Invitrogen, Carlsbad, CA).  Sequences for the MLST targets from the published H. 
parasuis genome sequence and three draft genome sequences obtained by the authors were 
also added to these alignments in order to provide the most complete view of sequence 
variability at the primer binding regions.  The previously published MLST primer sequences 
(16) were then compared to the alignments and evaluated for the quality of match.  Ten of the 
14 original primers were subsequently redesigned (Table 1) to avoid mismatches and regions 
of high sequence heterogeneity.  Primers were designed so that the 3’-terminal position 
represents either first or second positions in the target open reading frame, which are more 
likely to be conserved.  This was done to increase the likelihood that strains to be sequenced 
in the future have the same base at the important 3’ primer end, where mismatches would 
result in failed PCR amplification. 
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In the original MLST protocol, different PCR mix and cycling conditions were 
required for each gene target.  In order to simplify the PCR protocol for end users, primer 
redesign was also used to standardize melting temperature for all seven primer sets.  This 
achieved, a standard PCR mix was developed (0.3 µl of 5 U/µl Taq, 200 mM dNTPs, 0.4 µM 
primers, 2.5 mM MgCl2, and 0.5 µl of genomic DNA template) so that all MLST reactions 
could be run using the same conditions and under the same cycling program (95°C for 5 min, 
35 cycles of 95°C for 1 min, 48°C for 30 s, 72°C for 30 s, followed by a final elongation step 
of 72°C for 10 min).  PCR products were cleaned and sequenced as previously described 
(14). 
For this study, an initial set of 35 H. parasuis strains was selected, including the 15 
recognized serovar reference strains (7) and the ATCC type strain.  To be included in the 
MLST database, sequence data from all strains was required to represent a minimum of 3X 
coverage, with at least one read from each strand.  Sequences were aligned in AlignX 
(Invitrogen) and trimmed to the maximum possible length at which all targets met the above 
coverage requirements.  Nominal trim length for each target was set at 40bp from the 3’ 
terminus of the primer to account for difficulties typically encountered with weak base calls 
at the 5’ ends of sequencing reactions.  Strains previously sequenced for other publications 
required reamplification of some loci in order to meet the new standards for fragment 
lengths. 
Following trimming, target sequences for each strain were concatenated into single 
fragments for MLST analysis.  In order to compare the discriminatory power of the enhanced 
MLST system to that of the original, neighbor-joining trees for the strains from our collection 
were constructed as described previously (14). 
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Results 
Amplification of targets with new primers and new PCR conditions was robust and 
reproducible for all 35 strains in this study.  Using the modified primers, MLST fragments of 
lengths similar to those reported previously were produced (Table 1).  Following trimming, 
new fragment sizes were similar in size to those reported previously (Table 1).  Concatenated 
sequences for each strain were 3154 bp in length.  In comparison, the length of concatenated 
sequences using the original primer sets and target endpoints was 3806 bp (16) or, using the 
more stringent trimming guidelines (14), 3063 bp. 
Discriminatory power was only minimally affected by the adjustments made in our 
modified MLST system.  In comparison to the original MLST study (16), the total number of 
variable nucleotide sites decreased, from 408 to 240, but the percentage of variable sites 
decreased only slightly, from 408/3806 (10.72%) to 240/3154 (7.61%).  In comparison to our 
previous study (14), in which the original primers were used but the stricter trimming 
standards were applied, the total number and percentage of variable nucleotide sites was 
slightly improved, from 222/3063 (7.24%).  Tree morphology was similar using the original 
and modified MLST protocols (Fig 2).  Two major lineages were detected and the 
distribution of strains between them was identical for both methods; distribution of strains 
among subsequent branches was nearly identical. 
In combination, the 35 strains evaluated here yielded a total of 32 sequence types 
(ST) (Table 2).  Using the same group of strains, 32 STs were also found in our previous 
report.  For the purposes of the new database, strains that had previously been given a ST 
were renumbered for inclusion in the database.  Of the 32 sequence types found, 29 types are 
represented by only one strain and 3 are represented by two strains, indicating that this 
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system is robust and able to discriminate among strains.  Sequence types were not correlated 
with either serotype, for strains with known serotypes, or with reported strain virulence. 
A curated online database for H. parasuis MLST sequences has been established at 
(http://pubmlst.org/).  The sequences included in this study have been deposited and may be 
viewed there.  Additional sequences may now be contributed by any interested parties. 
Discussion 
The establishment of a publicly accessible MLST database represents an important 
step forward in the study of H. parasuis infection and disease.  Researchers worldwide now 
have the ability to not only access and view typing information, but also to contribute to the 
database.  This database will serve as a resource for epidemiologic investigation of outbreaks 
and the tracking of strain evolution. 
Modifications to the originally proposed MLST had a mostly beneficial or neutral 
impact on the functionality of the system.  Some decrease in discrimination resulted from the 
changes we made.  These changes were necessary, however, in order to both simplify the 
system for future end users and to make the system conform to general MLST standards.  For 
example, many of the primer sequences were modified from those originally proposed.  
These changes were made for a number of reasons: to normalize melting temperatures such 
that all seven PCRs could be run using the same program, to eliminate “I” and “Y” bases to 
make the primers specific to H. parasuis based on now-available closed and draft genomes, 
and to target primers to regions of high identity for best sequencing of a wide variety of 
strains.  These changes had very small effects on the sizes of amplicons produced during 
PCR (AS, Table 1). 
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In addition to the changes in primers, the stringency with which sequence data were 
trimmed for a given target was increased.  These stricter guidelines had a more noticeable 
impact on final trimmed sequence lengths ultimately used in the concatenated molecule (TS, 
Table 1).  Compared to the original H. parasuis MLST method (16), 652 bases were lost in 
the final concatenated sequences of this modified system.  Sequences published in the 
original study included base pair positions within the primer binding regions and even, in 
some cases, external to the amplicon.  Sequences within primer binding regions may not be 
accurate as they represent only sequence from a single strand, without confirmatory 
sequencing of the opposite strand.  These bases should not have been included and the 
figures reported in that paper may therefore represent overestimates of discriminatory power.  
Thus, the effects of our necessary truncations may not be as large as they initially appear. 
A comparison of the tree reported here to the first tree constructed with the same 35 
strains (14), which was based on the original primers but used the stricter base calling 
standards, is informative.  Not only are the tree morphologies very similar (Figure 2), the use 
of the new primers and optimized cycling conditions led to a lengthening of the total 
concatenated sequence by 91 bases, from 3063 bp to 3154 bp.  Within these 91 additional 
bases are 18 variable sites that add discriminatory power to the system. 
Much of this improvement was due to the cleaner sequence yielded by these primers, 
resulting in reads with unambiguous base calls that could be further extended for both 
strands.  Because these primers were vetted against a large number of H. parasuis sequences 
including multiple draft genomes and a closed genome, targeted to regions of high identity, 
and ended at first- or second-base positions of codons, the likelihood that they will function 
for strains to be typed in the future is high.   
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In the original system (16), 10.72% of the 3806 sites are variable.  In the system 
reported here, that percentage is somewhat less, 7.61%.  It should be noted however that only 
35 strains have been included in the current study, whereas 131 strains were included 
originally.  As more strains are submitted to the online MLST database, the percentage of 
variable sites will increase, perhaps to levels similar to those previously reported. 
Despite all the changes made, similar to the population structure of the strains 
evaluated by Olvera et al. (16), the H. parasuis strains evaluated here comprise two divergent 
branches of a neighbor-joining tree derived from MLST data.  That the two trees still display 
similar overall morphologies suggests that the targets themselves are sufficient for MLST 
purposes and that the system remains robust despite the changes that have been made.  
Moreover, from the 35 H. parasuis strains examined, 32 MLST sequence types were 
identified, indicating that the modified system is still capable of discriminating among most 
strains, an important tenet of MLST typing systems (12). 
In this study, sequence type was not correlated with serotype or virulence.  We only 
examined 35 strains, and information pertaining to the virulence of these strains is not 
complete, so trends that may exist might be elucidated with more information and additional 
entries into the database.  However, that the system provides no correlation with other known 
traits is not necessarily bad, as MLST is designed to identify what an isolate is, not what it 
does (26), and this represents a fundamental difference between molecular and phenotypic 
typing methods.  In general, MLST data may or may not be correlated with virulence, and 
whether or not such a correlation exists for a given species depends on a number of factors, 
including whether virulence factors are linked to the housekeeping genes used in the typing 
scheme.  Turner and Feil (26) provide an excellent review of this topic. 
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Strategies for picking strong MLST targets have been established (6, 12).  Ideally, 
targets for MLST should be distributed throughout the chromosome and selected by criteria 
that maximize variability for typing purposes.  This is not entirely the case with the H. 
parasuis targets, however, as they were originally selected prior to the publication of the H. 
parasuis genome sequence.  In particular, genes 6pgd and frdB are in very close proximity, 
just over 10 kb apart (Figure 1).  Two other sets of genes, atpD and rpoB, and mdh and g3pd, 
are each relatively close to one another on the chromosome.  Were a MLST typing scheme to 
be newly proposed, different targets might have been substituted for those currently in use.   
For simplicity and continuity, however, we have decided to retain the originally chosen 
targets, as they provide sufficiently adequate discriminatory power, represent housekeeping 
genes suitable for MLST, and appear not to be linked. 
The 6-phosphogluconate dehydrogenase gene, referred to as 6pgd in this and previous 
H. parasuis MLST studies, has been designated “gnd” in the published SHO165 genome 
(27).  Similarly, the glyceraldehyde-3-phosphate dehydrogenase gene, referred to herein as 
g3pd, has been designated “gapA”.  Future publications should refer to these targets by their 
species-specific designations. 
We have refined the MLST typing system for H. parasuis, making modifications that 
rectify previous shortcomings, simplify processing of new strains, and increase PCR success 
through enhanced primer specificity and better primer placement along the chromosome.  
The easily accessible online database can be viewed by and populated by researchers 
worldwide.  As more sequences are added, our knowledge of H. parasuis genetic diversity 
will increase.  These findings will ultimately help direct efforts to prevent and control 
disease. 
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Figures 
 
Figure 1. Distribution of gene targets in the closed H. parasuis genome. 
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Figure 2. Comparison of (A) MLST trees from this study and (B) from Mullins et al. 2009 
(14).  The evolutionary history was inferred using the Neighbor-Joining method (22). The 
bootstrap consensus tree inferred from 10000 replicates (4) is taken to represent the 
evolutionary history of the taxa analyzed (4). Branches corresponding to partitions 
reproduced in less than 50% bootstrap replicates are collapsed. The percentage of replicate 
trees in which the associated taxa clustered together in the bootstrap test (10000 replicates) 
are shown next to the branches (4). The tree is drawn to scale, with branch lengths in the 
same units as those of the evolutionary distances used to infer the phylogenetic tree. Codon 
positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing 
data were eliminated from the dataset (Complete deletion option). There were a total of 3154 
positions in the final dataset. Phylogenetic analyses were conducted in MEGA4 (25). 
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Tables 
 
Table 1. Primers and targets used in this study 
 
Target Original Primerset    AS1 TS2 New Primerset     AS TS 
rpoB         
rpoBF TCA CAA CTT TCI CAA TTT ATG 467 4703 rpoBF.2  CTT CGG TTC ATC ACA ACT TTC  452 329 
rpoBR ACA GAA ACC ACT TGT TGC G   rpoBR.3  CGT CCA TAT AGT GAA TTT CTT C 
          
6pgd  
6pgdF TTA TTA CCG CAC TTA GAA G 629 599 6pgdF.3  AAA CCA CGC AAA GTG ATG T  692 573 
6pgdR CGT TGA TCT TTG AAT GAA GA   6pgdR  CGT TGA TCT TTG AAT GAA GA 
 
infB  
infBF CCT GAC TAY ATT CGT AAA GC 516 501 infBF.2  CTA TAT CCG TAA AGC GAA AGT  511 397 
 infBR ACG ACC TTT ATC GAG GTA AG   infBR  ACG ACC TTT ATC GAG GTA AG 
 
g3pd  
g3pdF GGT CAA GAC ATC GTT TCT AAC 566 564 g3pdF  GGT CAA GAC ATC GTT TCT AAC  566 449 
 g3pdR TCT AAT ACT TTG TTT GAG TAA CC   g3pdR.2  TCT AAT ACT TTG TTT GAG TAA CCA G 
 
atpD  
atpDF CAA GAT GCA GTA CCA AAA GTT TA 642 582 atpDF  CAA GAT GCA GTA CCA AAA GTT TA  640 518 
 atpDR ACG ACC TTC ATC ACG GAA T   atpDR.2  GAC CTT CAT CAC GGA ATT T 
 
frdB  
frdBF CAT ATC GTT GGT CTT GCC GT 577 553 frdBF.2  GTT GGT CTT GCC GTA TGG   572 444 
 frdBR TTG GCA CTT TCG ATC TTA CCT T   frdBR.2  TTA GCA CTT TCG ATC TTA CCT T 
 
mdh  
mdh-up TCA TTG TAT GAT ATT GCC CC 557 537 mdh-up.2 GCA CTT TAT GAT ATT GCC CC  555 444 
 mdh-dn ACT TCT GTA CCT GCA TTT TG   mdh-dn.2 TTC CGT ACC TGC ATT TTG 
 
concatenated fragment length     3806                     3154 
 
1amplicon size, in bp  
2
 size of target, in bp, when edited and trimmed for MLST, as reported by Olvera et al. 2006 
3
 TS was reported as larger than AS due to inclusion of sequence external to the amplicon 
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Table 2. H. parasuis strains used in this study 
Strain           Serovar  Isolation Site        Original ST3       New ST 
No. 4   11  Nose    *  19 
Sw140   21  Nose    30  29 
Sw114   31  Nose    3  15 
Sw124   41  Nose    31  18 
Nagasaki  51  Meninges   19  11 
131   61  Nose    *  16 
174   71  Nose    32  14 
C5   81  Unknown   2  17 
D74   91  Unknown   4  21 
H367   101  Unknown   13  4 
H465   111  Trachea   33  13 
H425   121  Lung    *  10 
84-17975  131  Lung    *  6 
84-22113  141  Joint    12  7 
84-15995  151  Lung    8  9 
10680   UK2  Lung, Heart   *  28 
12939   UK2  Lung    *  20 
15677   UK2  Brain, Heart   *  3 
17321   UK2  Brain, Lung   *  32 
24054   UK2  Lung    *  5 
28803   UK2  CSF, Lung   *  25 
29814   UK2  Joint, Lung   *  27 
29864   UK2  Brain, Joint   *  26 
32585   UK2  Lung    *  31 
831541  UK2  Unknown   *  2 
831542  UK2  Unknown   *  2 
464-99   UK2  Unknown   *  12 
685-99   UK2  Unknown   *  22 
1050-99  UK2  Unknown   *  12 
2170B   UK2  Joint    *  6 
ATCC 19417T  UK2  Respiratory Tract  *  24 
29755   5  Lung    *  1 
MN-H   13  Joint, Lung, CNS  *  23 
NADC1  UK2  Lung    *  30 
NADC2  UK2  Lung    *  8 
 
1 serovar reference strain 
2
 unknown 
3
 from Olvera et al. 2006 
* not included in Olvera et al. 2006 
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CHAPTER 7: GENERAL CONCLUSIONS 
 
Although significant new information has been presented here, our understanding of 
how H. parasuis causes disease in swine is still incomplete.  While the research described in 
this dissertation has contributed new insights into H. parasuis biology, a considerable amount 
of work remains to be done.  Fortunately, continued research based on the findings presented 
in this body of work are promising, and steps are already being taken to further our 
knowledge in a number of areas. 
The draft genome for strain 29755 discussed in Chapter 3 remains to be closed, but 
progress is being made towards this goal.  Shortly after this dissertation is completed, 
additional sequencing runs will be attempted to aid in closure.  Specifically, paired end 
sequencing will be run for 29755 and other H. parasuis strains.  This method utilizes the 
sequencing of short lengths from both ends of sheared genomic DNA fragments of a given 
size.  The sequenced fragment ends can then be assembled or mapped to a reference genome 
like the published SH0165 H. parasuis genome.  Paired end sequencing offers advantages 
over traditional shotgun sequencing approaches, particularly in the bridging of gaps over 
difficult-to-sequence regions such as regions of repeat sequence.  Because the length of 
sequence between sequence pairs is known, using paired end sequencing with a reference 
genome can also readily identify insertions, deletions, and inversions present in the draft 
genome relative to the reference. 
Clarification of other features of the strain 29755 genome may also be possible using 
the above procedures.  For example, six nearly identical copies of the 16S ribosomal RNA 
gene are present in the published SH0165 genome.  During our genome sequencing efforts to 
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date, the assembly software used has not been able to reconcile the high sequence similarity 
of the multiple 16S genes with their interspersed locations around the chromosome.  Thus, all 
copies of 16S genes from 29755 were assembled as a single independent contig, which is 
biologically incorrect.  Although we are not yet sure how many copies are in the 29755 
genome, based on the depth of coverage and the presence of single-base-pair substitutions 
unique to each copy we may be able to estimate 16S gene copy number.  This information, 
when combined with our knowledge of the arrangement and order of genes in the SH0165 
genome and the results of the paired end sequencing, may allow us to align some 16S genes 
against other contigs in the 29755 draft and close gaps in the nascent genome. 
The study of H. parasuis surface proteins in Chapter 4 of this dissertation generated 
information that deserves further investigation.  For example, we made predictions regarding 
the physical structure of the proteins in the membrane.  Such in silico predictions often 
provide valuable insights (13), but more satisfactory answers could be obtained by taking 
further steps.  Now that these proteins have been identified H. parasuis, they can be 
characterized and better compared to the structural information that has already been 
determined for similar proteins in related organisms like H. influenzae.  Protein isolation and 
characterization methods are difficult to perform but are crucial to truly understand the 
structure of the proteins as they exist in the outer membrane of H. parasuis. 
Cloning and expression of the proteins may go a long way to help us understand their 
structure.  Such work has already begun; the P5 protein from a single strain of H. parasuis 
has already been expressed in E. coli (19), and a similar approach could be taken for the P2 
protein as well.  The expressed proteins from both genes could be purified using the wide 
variety of analytical chromatography, electrophoretic, and centrifugation methods that exist 
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(8-9, 16).  Once purified, x-ray crystallography, nuclear magnetic resonance (NMR), or 
similar strategies could then be employed to describe the structure in detail (11, 15).  Much 
work has already gone into overcoming difficulties specific to the characterization of 
membrane proteins (1, 5), which should facilitate the study of membrane proteins in H. 
parasuis. 
Although P2 and P5 proteins have been identified as having virulence properties in 
other species, no work has specifically demonstrated such a role in H. parasuis.  In Chapter 
4, we used available predictive software to analyze the potential effects of P2 and P5 
sequence alterations found in various H. parasuis strains on the structure and 
immunogenicity of the proteins.  The methods we used to assess these features are predictive 
in nature, but from these predictions we can design experiments to test their validity.  
Mutagenesis (3), knockdown (14), and knockout (2, 4, 10) experiments could all be 
performed to evaluate the functional significance of these genes and their resultant proteins 
in cell culture or in pigs. 
As an example, we observed that the P2 gene of some strains of H. parasuis contains 
an insertion in each of two predicted extracellular loop regions, and we hypothesized that 
these insertions may affect adherence properties or immunogenicity of the protein.  To 
investigate the effect and functional significance of such inserts, we could clone these genes, 
experimentally remove the insert regions, cross the modified genes back into the parent 
strains, and evaluate the resultant proteins and the effects that these changes have on 
structure, host-cell adherence and pathogenicity.  Similarly, a serum bactericidal assay could 
be employed to determine whether serum resistance reported in systemic strains of H. 
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parasuis (6) can be modulated by the removal or modification of either the P2 or P5 outer 
membrane proteins, as has been shown in H. influenzae (12). 
These studies could be combined with further investigations into the IgA protease 
activity that we detected in some strains of H. parasuis, as described in Chapter 5.  Although 
activity was clearly shown, the mechanism for this process has not been determined and the 
gene or genes involved have not been identified.  Signature-tagged mutagenesis STM) 
methods could readily be used to identify these genes (7, 17-18).   
Additional experiments related to IgA protease activity in H. parasuis not included in 
Chapter 5 have either been done or will be performed soon.  We have already tried titrating 
the amount of whole IgA included in the digestion reaction to determine if the observed 
results are concentration-specific.  This is not the case, as the same banding patterns were 
observed for all detectable levels of both IgAa and IgAb molecules.  Next, we will try diluting 
the supernatant.  If the observed results are due to a secreted protease, then reducing the 
amount of supernatant used (and thus the amount of secreted protease present) should lower 
the level of IgA cleavage observed. 
The multi-locus typing system that was established in Chapter 6 continues to be 
expanded and refined.  The utility and functionality of the system will increase as the 
sequence data from more strains is added to the database.  The likelihood of this happening 
appears high, as interest in the system has been expressed by researchers at other institutions.  
From all indications, it appears that this typing system will be widely adopted.  A shared 
typing system and easily accessible database will promote interactions between research 
groups and increase our mutual knowledge of disease resulting from H. parasuis.   
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In this dissertation, information on a variety of topics has been presented.  Together, 
the dissertation chapters represent important steps towards a more complete understanding of 
H. parasuis.  While these studies do not present a direct and immediate benefit to producers, 
each new discovery brings us another step closer to more viable prevention and treatment 
techniques.  Essential basic research like the projects presented here provide the foundation 
upon which future work can be designed, leading ultimately to marketable, tangible, or 
otherwise appreciable results. 
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